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SECTION  I 


INTRODUCTION 


1 . BACKGROUND 

Experience  with  new  high-strength  materials  has  shown  that  higher  strength 
does  not  imply  better  fracture  toughness  or  fatigue  resistance.  Therefore, 
when  the  design  ultimate  stress  allowables  are  increased  for  new  high-performance 
aircraft  structure,  the  desired  levels  of  damage  tolerance  and  safe  life  may 
become  more  difficult  to  maintain. 

Following  the  F-111  incidents  and  the  C-5  wing  fatigue  problems,  the  Air 
Force  has  undertaken  a thorough  revision  of  its  damage  tolerance  and  durability 
requirements.  The  new  requirements  for  ensuring  adequate  damage  tolerance  in 
future  Air  Force  aircraft  are  given  in  MIL-A-83444  (Reference  1). 

A summary  of  Reference  1 is  presented  in  Appendix  A.  Reference  1 defines 
initial  damage  sizes,  specifies  residual  strength  load  requirements,  and  requires 
fatigue  crack  growth  analyses  to  establish  the  life  interval  between  the  initial 
damage  state  and  the  state  when  the  residual  strength  load  can  just  be  sustained. 
This  program  has  been  concerned  with  investigating  the  crack  growth  analyses 
required  by  Reference  1 with  particular  emphasis  on  complex  multielement 
structure. 

Such  analyses  were  attempted  in  simulated  design  studies  of  damage  tolerant 
aircraft  structure  (References  2 through  6) . To  perform  the  fatigue  crack 
growth  calculations,  it  was  necessary  to  make  a series  of  arbitrary  assumptions 
about  the  initial  flaw  location  and  multiplicity  and  the  sequence  of  cracking 
in  various  interacting  structural  elements  leading  up  to  the  terminal  catastrophic 
failure.  Alarmingly,  altering  these  assumptions  was  often  found  to  have  a major 
effect  on  predicted  fatigue  crack  growth  lives. 
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The  nature  of  these  assumptions  can  be  clarified  by  reviewing  a crack 
growth  analysis  performed  in  Reference  7.  The  analysis  was  for  the  upper 
forward  spar  cap  area  of  the  P-3  aircraft  near  the  inboard  nacelle.  A cross- 
sectional  view  of  the  area  analyzed  is  shown  in  Figure  1.  Some  questions 
that  arose  in  the  course  of  this  analysis  and  their  impact  upon  the  analyti- 
cally computed  crack  growth  life  were: 

1)  Where  is  the  location  of  the  most  critical  initial  crack?  Alter- 
nate locations  selected  were  in  the  integrally-stiffened  skin  at 
point  A,  the  spar  cap  at  B,  or  the  shear  web  at  C.  The  choice 
had  up  to  a factor  of  2 impact  on  computed  life, 

2)  What  degree  of  multiple  initial  damage  is  reasonable  to  assume? 
(Reference  1 requires  assumed  initial  cracks  in  both  members 
joined  by  a common  fastener,  but  only  on  one  side  of  the  hole.) 
Alternate  assumptions  in  Reference  7 were  an  initial  crack  on 
one  side  of  the  hole  or  equal  initial  cracks  on  both  sides. 

Impact  on  computed  life  was  up  to  a factor  of  2. 

3)  What  analytical  approach  should  be  used  for  the  continuing  damage 
aspects  of  crack  arrest  and  reinitiation  at  fastener  holes  in  the 
path  of  the  crack? 

The  concept  of  continuing  damage  needs  some  elaboration.  The  term 
continuing  damage  was  introduced  in  Reference  1.  It  is  used  there  as  a 
name  for  a particular  method  of  accounting  for  a crucial  step  in  crack 
growth  analysis  of  structure.  The  significance  of  this  step  in  the  analysis 
was  first  pointed  out  in  Reference  2 where  it  was  described  as  part  of  the 
analysis  where  ’*a  sequence  of  events  has  to  be  assumed  as  the  crack  progresses 
through  and  across  various  structural  elements.'* 

The  sequence  of  events  assumed  is  dictated  in  Reference  1 by  the 
assumed  initial  presence  of  0.005-inch  corner  flaws  at  all  fastener  holes 
in  the  structure.  This  assumption  has  the  advantage  that  it  allows  a 
fatigue-crack- initiation  analysis  to  be  performed  within  a fracture  mech- 
anics framework.  Reference  8 presents  results  of  the  F-4  Independent  Review 
Team  which  concluded  that  0.005-inch  cracks  could  be  shown,  by  back  calculation 
of  larger  observed  fatigue  cracks,  to  be  representative  of  a 95  percent  con- 
fidence level  of  hole  quality  in  their  tests. 
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Initial  0.005-inch  flaws  were  not  assumed  in  Reference  7.  Instead, 
two  alternative  assumptions  were  made  about  crack  sequence.  In  both,  it  was 
assumed  for  purposes  of  computing  stress  intensity  that  the  arrested  crack 
was  extended  by  an  incremental  distance  equal  to  the  hole  diameter,  and  the 
hole  was  otherwise  neglected.  This  extension  was  assumed  to  be  either 
instantaneous,  with  growth  continuing  immediately,  or  delayed  for  some  time 
period  prior  to  further  growth.  The  delay  period  was  computed  from  crack 
initiation  data  and  theory  using  a stress  concentration  factor  (k^)  expression. 
Inclusion  of  the  delay  period  increased  the  estimated  life  by  up  to  a factor 
of  4.2.  The  variations  in  estimated  lives  for  different  assumed  sequences 
of  events  can  be  significantly  greater  than  a factor  of  4 for  other  realistic 
design  considerations  and  loadings. 

The  use  of  crack  initiation  data  and  k^  to  compute  crack  reinitiation 
times  of  arrested  cracks  was  further  developed  in  Reference  9.  This  work  is 
reviewed  in  some  detail  in  Section  III,  Paragraph  1.  By  this  analytical 
approach  there  is  no  requirement  for  either  a crack  growth  sequencing  assump- 
tion, or  an  initial  continuing  damage  flaw  size  assumption.  (A  further 
development  of  this  approach  is  utilized  herein  in  the  analysis  of  structural 
specimens  without  induced  initial  continuing  damage  flaws) . 

References  2 through  7 were  purely  analytical  studies.  The  analytically- 
estimated  effects  of  flaw  location  and  multiplicity  discussed  above  were  not 
supported  by  any  direct  fatigue  tests  of  precracked  structure.  Furthermore, 
the  impact  of  the  0.005-inch  continuing  damage  flaws  on  the  sequence  of  events 
in  the  structural  crack  growth  process  and  structural  life  had  never  been 
experimentally  investigated. 

Prior  to  the  research  reported  herein,  many  fatigue  crack  growth  tests 
of  built-up  mechanically-fastened  metallic  structure  had  been  conducted 
(References  10-28).  Often,  however,  the  instrumentation,  observations,  or 
reporting  was  somewhat  fragmentary,  making  a thorough  crack  growth  rate 
analysis  of  the  test  results  difficult.  There  were  some  exceptions,  where 
successful  analyses  were  reported  (e.g..  Reference  24),  but  in  all  these 
cases  the  initial  cracks  were  more  than  an  inch  long. 
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A large  proportion  of  the  crack  growth  period  of  a 0.050-inch  initial 
crack  occurs  before  the  crack  is  one  inch  long.  Furthermore,  even  for  such 
short  cracks,  there  are  potentially  important  interaction  effects  between  the 
growing  crack  and  the  immediately  adjacent  structural  members  and  fasteners. 

Thus,  the  need  existed  for  a systematically  planned  program,  including 
supporting  baseline  data  and  analyses,  of  fully  instrumented,  observed,  and 
reported  fatigue  crack  growth  tests  of  mechanically  fastened  structural 
specimens  with  0.050-inch  initial  corner  cracks  at  fastener  holes. 

2 . PROGRAM  OBJECTIVES 


The  primary  objective  of  this  program  was  to  evaluate  experimentally 
and  analytically  the  effects  of  initial  flaw  location  and  multiplicity 
on  fatigue  crack  growth  life  and  element  failure  sequence  in  multiple 
element,  mechanically-fastened  metallic  structure.  The  intent  was  to  pro- 
vide designers  with  experimental  and  analytical  evidence  of  the  impact  of 
the  initial  flaw  assumptions  and  the  accuracy  of  analysis  methodology  used 
in  applying  the  Damage  Tolerance  Design  Requirements  (Reference  1)  to  various 
types  of  complex  aircraft  structure. 

The  primary  objective  was  accomplished  via  a sequence  of  tasks.  These 

were: 

1)  Conduct  baseline  tests  to  determine  basic  tensile,  fatigue, 
cyclic  crack  growth,  and  fracture  properties  of  the  selected 
material  (7075-T6  Aluminum  sheet,  plate  and  extrusion);  and  to 
provide  a basis  for  crack  growth  predictions. 

2)  Plan  an  experimental  program  wherein  specimens,  configured  and 
sized  to  simulate  typical  primary  aircraft  structural  arrange- 
ments, are  fabricated,  preflawed,  and  cycled  under  constant  ampli- 
tude loading.  Systematically  vary  the  flaw  location  and  number 

of  flaws  in  each  specimen.  In  particular,  flaw  sizes,  locations, 
and  multiplicity  should  be  based  on  Reference  1.  Consider  multiple 
load  path  (MLP)  fail  safe,  crack  arrest  fail  safe,  and  slow  crack 
growth  structure.  Include  riveted  (and  mechanically  attached) 
stiffened,  planked,  and  chordwise  splices.  In  addition,  test  a 
limited  number  of  specimens  under  flight-by-flight  spectrum  loading 
to  verify  significant  crack  growth  patterns  and  behavior. 
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3)  Fabricate  and  preflaw  the  specimens  in  a manner  consistent  with 
expected  manufacturing  operations  and  the  requirements  of  Reference  1. 

4)  Develop  stress  intensity  factors  for  each  specific  case. 

5)  Perform  a crack  growth  analysis  for  each  growth  condition  tested 
in  the  experimental  program  to  predict  the  growth  behavior  from 
initial  flaw  to  complete  specimen  failure. 

6)  Conduct  the  cyclic  tests  of  complex  structural  specimens  and 
observe  the  complete  growth  pattern  from  initial  flaw  to  complete 
specimen  failure,  but  especially  observe  the  following: 

a.  The  early  stage  of  growth  of  initial  0.050-inch  corner  flaws 

b.  The  crack  growth  path  and  element  failure  sequence 

c.  Initiation  of  secondary  fatigue  cracks  and  crack  reinitiation 
following  arrest  at  a free  edge  or  fastener  hole. 

7)  Explain  the  differences  between  predictions  and  test  results,  with 
the  aid  of  strain  gage  measurements  and  supplementary  analyses. 

8)  Assess  the  significance  of  load  shedding  from  cracked  to  intact 
members  and  the  capability  to  predict  flaw  growth  in  complex 
structure. 

9)  Assess  the  reasonableness  of  the  continuing  damage  and  remaining 
structural  damage  assumptions  required  by  Reference  1. 

10)  Prepare  a set  of  guidelines  (recommended  assumptions)  for  the 

application  of  Reference  1 to  various  types  of  complex  aircraft 
structure. 

3.  SUMMARY  OF  THE  FINAL  REPORT 

This  report  consists  of  three  volumes.  Volume  I is  the  detailed  tech- 
nical report.  Volume  II  is  a specimen-by-specimen  tabulation  and  plot  of  the 
test  data  and  crack  growth  predictions  for  the  complex  structural  specimens. 
Volume  III  is  a short  summary,  extracted  from  Volume  I,  emphasizing  the  major 
accomplishments,  conclusions  and  recommendations. 

There  are  eight  major  sections  in  Volume  I including  this  introductory 
section.  Section  II  describes  the  test  plan,  including  specimen  configurations, 
fastener  types,  precrack  locations,  instrumentation,  and  summary  of  baseline 
data.  The  general  methods  used  to  predict  crack  growth  in  the  structural 
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specimens  are  presented  in  Section  III,  including  numerous  equations  for 
estimating  stress  intensity  factors  for  growing  cracks  and  stress  severity 
factors  for  cracks  arrested  at  fasteners.  The  baseline  data  used  for  pre- 
diction, material  characterization,  etc.,  are  described  in  Section  IV. 

Section  V gives  the  details  of  specific  prediction  calculations  for  each 
specimen  type.  The  fabrication  and  testing  procedures  are  described  in 
Section  VI.  The  last  two  sections  discuss  the  test  results  for  the  pre- 
cracked mechanically  fastened  structural  specimens.  Section  VII  covers 
joints;  Section  VIII,  stringer-reinforced  panels. 

The  data  in  Volume  II  consist  of  annotated  tables  of  crack  lengths 
and  cycles,  and  plots  showing  the  data  for  each  specimen  and  the  corre- 
sponding crack  growth  prediction.  Data  are  presented  in  order  by  specimen 
number.  Sixty-eight  structural  specimens  were  tested,  and  because  of  their 
complexity  an  almost  unlimited  amount  of  time  could  be  spent  in  reviewing 
the  data.  The  purpose  of  Volume  II  is  to  provide  an  easy-to-read,  concise, 
yet  complete  summary  of  each  test  result  in  the  program,  to  facilitate 
future  analytical  review  and  use  of  the  data  by  readers  of  the  report. 

To  convey  the  message  of  this  report  to  a larger  audience,  the  technical 
summary  has  been  extracted  to  form  a short  separate  report,  Volume  III. 
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SECTION  II 


TEST  PROGRAM 


1.  INTRODUCTION 

Sixty-eight  precracked  mechanically  fastened  structural  specimens  were 
fatigue  tested  to  failure  in  controlled  (Lockheed  Rye  Canyon)  laboratory  air 
environment  (69°  - 75°F,  30  - 50%  RH) . A large  number  of  supporting  baseline 
tests  were  run  as  well.  This  section  summarizes  the  test  program. 

The  test  program  consisted  of  two  phases.  Each  phase  included  baseline 
testing,  tests  of  precracked  joints,  and  tests  of  precracked  stringer- 
reinforced  structure.  Joints  representative  of  chordwise  splices  and 
stiffened  skins  representative  of  wing  structure  were  sufficiently  diverse  to 
meet  the  overall  program  objectives.  The  baseline  testing  in  each  phase  was 
performed  to  support  the  analysis  and  testing  methodology  for  the  structural 
tests.  Phase  I tests  consisted  of  constant  amplitude  fatigue  tests  designed 
to  investigate  the  effect  of  the  primary  variables  of  interest:  initial  flaw 
locations,  initial  flaw  multiplicity,  continuing  damage  assumptions,  and  struc- 
tural arrangement.  Phase  II  tests  were  used  to  answer  questions  raised  by  the 
Phase  I tests  and  to  check  that  conclusions  derived  from  the  Phase  I tests 
were  valid  for  spectrum  loading  and  for  configurations  of  increasing  complexity. 
All  tests  were  used  to  assess  the  crack  growth  prediction  methodology  that 
would  be  used  to  comply  with  Reference  1.  A crack  growth  analysis  was  per- 
formed for  each  Phase  I test  prior  to  the  test  results  being  available  to  the 
analyst. 

In  the  Phase  I joint  specimens,  variations  in  structural  arrangement  in- 
cluded: single  lap  shear  and  double  lap  shear  joints,  variations  in  fastener 

diameter  and  element  thickness,  interference  and  clearance-fit  fasteners,  low 
and  high  fastener  torque,  and  protruding  and  flush  head  fasteners.  Initial 
flaw  configurations  included:  single  and  multiple  fatigue- induced  cracks, 
continuing  damage  flaws  and  no  continuing  damage  flaws. 
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In  the  Phase  I stringer-reinforced  specimens,  variations  in  structural 
arrangement  included:  angle  edge  stringers  and  central  tee  stringers,  con- 
tinuous skin  and  spanwise  splice,  rivets  and  Hi-lok  fasteners,  interference 
and  clearance-fit  fasteners,  high  and  low  fastener  torque,  and  variations 
in  fastener  diameter.  Initial  flaw  configurations  included:  cracks  going 
toward  the  inside  and  the  outside  of  the  panels,  single  and  multiple  fatigue- 
induced  cracks,  continuing  damage  flaws  and  no  continuing  damage  flaws. 

Cost  considerations  precluded  a full  matrix  of  tests  with  the  above 
variables  and  therefore  only  a partially-filled  test  matrix  was  performed 
during  Phase  1.  Each  test,  however,  supplied  much  more  than  a single  result 
(such  as  total  life),  since  crack  growth  was  observed  throughout  the  test. 

This  allowed  the  separation  of  the  effects  of  certain  variables  within  a 
single  test.  For  example,  observations  of  each  crack  at  short  crack  lengths 
enables  the  effects  of  multiple  and  single  cracks  to  be  separated  from  fastener 
effects.  Therefore,  by  making  such  detailed  observations,  and  by  comparing 
with  analysis  and  Phase  II  test  results,  the  impact  of  all  the  above  variables 
were  investigated  while  running  a limited  test  program. 

Additional  constant  amplitude  fatigue  tests  of  precracked  joint  specimens 
were  included  in  the  Phase  II  program.  These  tests  helped  to  separate  and 
clarify  effects  of  flush-head  versus  protruding-head  fasteners  and  differences 
in  crack  growth  behavior  of  single  versus  double  lap  joints  which  were  un- 
resolved at  the  end  of  the  Phase  I tests.  A simulated  fighter  spectrum  was 
used  in  loading  a series  of  single  lap  joints,  double  lap  joints,  and  center 
tee  stiffened  structures  during  Phase  II.  Also  included  in  the  Phase  II  test- 
ing was  a series  of  constant  amplitude  tests  on  two-bay  panels  which  had  both 
center  tees  and  angle  edge  stiffeners.  A summary  of  the  Phase  I and  Phase  II 
structural  tests  is  given  in  Table  1. 

All  primary  initial  flaws  in  the  structural  test  specimens  in  this 
program  were  fatigue- induced  0.050-inch  quarter-circular  cracks  growing  out 
of  fastener  holes.  An  alternative  initial  flaw  consistent  with  Reference  1 
would  have  been  a 0.125-inch-deep  semicircular  surface  flaw  or,  for  sheet 
thicknesses  less  than  0.125  inch,  a 0.25-inch  through  crack. 
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TABLE  1.  STRUCTURAL  TEST  SPECIMEN  SUMMARY 


Number  Of  Tests 

Specimen  Type 

(Specimen  Designation) 

Phase  I 

Phase 

II 

Constant 

Amplitude 

Spectrum 

Double  Lap  Joint  (Thick) 

8 

2 

(4.6A  - X) 

Double  Lap  Joint  (Thin) 

4 

(4.6B  - X) 

Single  Lap  Joint 

6 

2 

4 

(4.7  - X) 

Continuous  Skin  Tee 

12 

(4.8-1  - X) 

Split  Skin  Tee 

12 

2 

(4.8-3  - X) 

Edge  Stiffened 

12 

(4.9  - X) 

Two  Bay 

4 

(4.  10  - X) 

The  stress  intensity  factors  for  a 0.25-inch  through  crack  and  a 0.125-inch- 
deep  surface  flaw  under  remote  tensile  loading  are  in  the  same  range  as  the 
stress  intensity  due  to  remote  tensile  loading  of  a 0.050— inch  corner  crack 
emanating  from  the  fastener  hole  for  the  hole  sizes  (0.25—  to  0.375— inch  dia- 
meter) used  in  this  program.  However,  if  the  corner  crack  condition  is  selected. 
Reference  1 requires  the  assumption  of  multiple  flaws  (flaws  in  more  than  one 
adjacent  element)  at  the  critical  hole.  In  mechanically-fastened  structure 
this  flaw  multiplicity  tends  to  make  the  corner  crack  condition  the  more  crit- 
ical. Furthermore,  in  those  cases  wherever  the  fastener  in  the  hole  transfers 
load,  the  0.050-inch  crack  at  that  hole  tends  to  have  a significantly  higher 
initial  stress  intensity  factor.  These  considerations,  combined  with  the  fact 
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that  fastener  holes  are  found  to  be  the  most  prevalent  source  of  cracking  in 
aircraft  structure  and  a knowledge  of  the  cost  impact  of  including  additional 
damage  cases,  led  to  the  exclusive  use  of  initial  corner  cracks  at  holes. 

2.  SPECIMENS  AND  INITIAL  DAMAGE  FOR  PHASE  I TESTS 


2.1  Precracked  Joints 

Eighteen  precracked  chordwise  splice  specimens  were  tested  in  Phase  I. 
The  specimen  configurations,  shown  in  Figures  2 through  4,  include  two 
double  lap  shear  joints  of  different  thicknesses  and  a single  lap  shear 
joint.  Steel  Hi-lok  fasteners  with  a large  enough  diameter  to  be  bearing 
critical  were  used.  Protruding-head  fasteners  were  selected  for  the  double 
lap  shear  joints  shown  in  Figures  2 and  3 to  simulate  internal  structure, 
whereas  flush— head  fasteners  were  selected  for  the  single  lap  shear  joints 
shown  in  Figure  4 to  simulate  external  structure.  The  fastener  spacing  was 
4 diameters,  typifying  standard  design  practice. 

This  series  of  tests  was  conducted  to  demonstrate  the  differences  in 
crack  growth  life  for  four  different  Initial  damage  conditions.  These  four 
conditions,  shown  in  Figures  5 and  6,  are: 

A.  Multiple  0.050-inch  quarter-circular  corner  cracks  (one  in  each 
member)  at  one  fastener  hole,  simulated  0.005-inch  continuing 
damage  flaws  at  other  critical  fastener  holes,  and  all  fasteners 
clearance  fit  (Cl)  with  no  beneficial  clamp  up  (finger-tight). 

This  simulates  the  requirements  of  Reference  1. 

B.  Same  as  A except  no  continuing  damage  flaws. 

C.  Same  as  B except  for  fastening  method  used  in  unflawed  holes. 
Standard  fastener  interference  (PI)  and  standard  clamp-up  are 
used  in  all  unflawed  holes.  The  fastener  at  the  precracked 
hole  is  Cl  fit  and  finger-tight. 

D.  Same  as  C except  initial  flaw  is  in  one  member  only. 

Note  in  Figures  5 and  6 that  all  initial  flaws  were  induced  at  the  faying 
surfaces  rather  than  at  the  external  surfaces,  since  peak  stresses  associated 
with  fastener  load  transfer  tend  to  be  highest  at  the  faying  surface. 

All  initial  flaws  in  the  double-lap  shear  joints  (Figure  5)  were  in  the 
second  fastener  row  where  the  stresses  in  the  two  external  doublers  are 
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Figure  2.  Double  Lap  Joint  Specimen  with  0.188-Inch  Doublers 
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Figure  3.  Double  Lap  Joint  Specimen  with  0.094-Inch  Doublers 
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“PI"  DENOTES  INTERFERENCE  - 
FIT  FASTENER,  FULL  STANDARD 
CLAMP-UP. 


A.  CONTINUING  DAMAGE  FLAWS,  CLEARANCE  - FIT  HOLES,  LOW  CLAMP-UP,  TRIPLE  CRACK: 


0.020-INCH  RAZOR-INDUCED 


SPECIMEN 

NUMBERS: 


ROW  4.6A-1 

2 4.6A-2 

4.6B-1 


Cl 

C1 

Cl 

Cl 

Cl 

Cl 

C.  INTERFERENCE  - FIT  HOLES,  STANDARD  CLAMP-UP,  TRIPLE  CRACK: 
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4.6A-5 
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4.6A-8 

4.6B-4 


Figure  5.  Summary  of  Initial  Damage  Conditions, 
Double  Lap  Joint  Specimens 


15 


t T t t T 


t.. 


r\ 

C\ 

- 

t) 

u 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

4 


I i i i i 

CROSS  SECTIONAL  VIEW  OF  ROW  1: 


t 

" f 
-*  V 


A 

I 


A.  CONTINUING  DAMAGE  FLAWS,  CLEARANCE  - FIT  HOLES,  LOW  CLAMP-UP,  DOUBLE  CRACK  SPECIMEN 
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Figure  6.  Summary  of  Initial  Damage  Conditions, 
Single  Lap  Joint  Specimens 
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approximately  twice  as  great  as  the  stresses  in  the  thicker  central  member. 

Thus,  the  cracks  in  the  doublers  controlled  the  crack  growth  behavior;  the 
growth  of  the  hidden  crack  in  the  central  member  was  slow  and  unimportant. 
Transverse  bending  was  minimal  during  the  crack  growth  life  of  the  double- 
lap shear  joint  specimens  with  multiple  initial  cracks.  Those  with  a pre- 
crack in  only  one  doubler  were  unsymmetrical  with  respect  to  the  specimen 
middle  plane,  so  bending  effects  were  present,  especially  later  in  the  tests. 

All  initial  flaws  in  the  single-lap  shear  joints  (Figure  6)  were  in  the 
first  fastener  row  where  the  stresses  in  the  skin  member  are  higher  than  the 
stresses  in  the  doubler.  Thus  the  skin  crack  controlled  the  crack  growth 
behavior,  while  the  growth  of  the  doubler  crack  was  slower  and  of  secondary 
importance.  A lateral  support  applied  to  the  tee  member  reduced  the  severity 
of  the  transverse  bending.  Nevertheless,  the  bending  effects  in  this  specimen 
had  an  important  bearing  on  the  crack  growth  behavior. 

The  eighteen  Phase  I joint  specimens  are  listed  with  their  respective 
initial  damage  conditions  in  Figures  5 and  6.  Eight  double  lap  joints 
with  0.188- inch  doublers  (type  4.6A-X)  were  tested,  including  duplicate  tests 
of  all  four  of  the  damage  conditions  shown  in  Figure  5.  The  replication  was 
considered  to  be  necessary  to  distinguish  real  effects  from  test  scatter.  Four 
double  lap  joints  with  0.094-inch  doublers  (type  4.6B-X)  were  also  tested. 
Replication  was  considered  unnecessary  here  due  to  the  similarity  to  the 
thicker  double  lap  joint  specimen.  Finally,  six  single  lap  joints 
(type  4.7-X)  were  tested,  including  duplicate  tests  for  damage  conditions  A 
and  B in  Figure  6.  Single  tests  seemed  sufficient  for  conditions  C and  D, 
because  they  are  similar  to  one  another.  Indeed,  the  initial  doubler  crack 
did  not  appreciably  alter  the  crack  growth  life  of  Specimen  4.7-5  compared 
to  that  of  Specimen  4.7-6. 

Each  Phase  I specimen  was  cyclically  loaded  until  complete  failure  occurred. 
A maximum  stress  of  17  ksi  and  a stress  ratio  of  0.1  were  used  in  all  cases. 
Intermittently,  blocks  of  marking  cycles  were  applied  to  the  first  few  speci- 
mens at  S =17  ksi  and  R = 0.82.  However,  the  marking  cycles  did  not  mark 
max 

the  fracture  surface  successfully,  and  the  process  was  abandoned  for  the 
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remainder  of  the  joint  tests.  The  apparent  reasons  for  their  failure  to  mark 
are  discussed  in  Section  VII,  Paragraph  2.3,  page  196. 

2.2  Stringer  Reinforced  Specimens 

The  test  plan  for  Phase  I included  three  configurations  of  stringer- 
reinforced  test  specimens.  All  the  stringer -reinforced  specimens  tested  are 
derived  from  the  basic  18- inch-wide  two-bay  configuration  which  was  tested  in 
Phase  II.  Photographs  of  the  two-bay  specimen  are  shown  in  Figure  7.  For  the 
edge-stiffened  specimen  (Type  4.9),  the  center  tee  is  not  present.  The  tee- 
stiffened  specimens  (Types  4.8-1  and  4.8-3)  had  no  angles  at  the  edges  and 
the  grip  areas  tapered  out  to  24  inches.  In  specimen  type  4.8-1, the  skin 
under  the  tee  was  continuous,  whereas  in  the  two-bay  panels  and  specimen 
type  4.8-3,  the  skin  under  the  tee  was  split.  Detailed  drawings  for  specimen 
types  4.8-1  and  4.8-3  are  presented  in  Figure  B-1  of  Appendix  B.  Detailed 
drawings  for  specimen  type  4.9  are  shown  in  Figure  B-2  of  Appendix  B. 

All  stringer-reinforced  test  specimens  had  an  overall  nominal  length  of 
44.5  or  47.5  inches  and  were  18  inches  wide  in  the  test  section.  Specimen 
type  4.8-1  consisted  of  0.188-inch  sheet  with  a central  tee  stringer.  Speci- 
men type  4.8-3  consisted  of  two  0.188-inch  sheets  spliced  together  longitudin- 
ally across  the  base  of  a 0. 188- inch-thick  tee  stringer.  Specimen  type  4.9 
consisted  of  a 0.188-inch  sheet  with  a 0.25-inch-thick  angle  stringer  on  each 
edge  to  simulate  a spar  cap  on  a wing,  and  a 3.25-inch  wide  strip  of  0.188- 
inch  sheet  attached  to  the  protruding  leg  of  the  angle  to  simulate  a portion 
of  the  shear  web  as  shown  in  Figure  1. 

Twelve  each  of  specimen  types  4.8-1,  4.8-3,  and  4.9  were  tested  in  Phase  I 
for  a total  of  36  Phase  I stringer-reinforced  specimens.  The  Phase  I test 
plan  for  these  specimens  is  summarized  in  Table  2.  There  are  two  basic  flaw 
locations  identified  for  each  specimen  configuration.  The  inside  crack  faces 
the  center  of  the  panel;  the  outside  crack  faces  the  panel  edge.  There  are 
three  levels  of  flaw  multiplicity:  single  crack,  double  crack,  and  double 
crack  with  continuing  damage  flaws.  Note  that  there  are  two  more  single 
initial  crack  cases  for  the  edge-stringer  specimens  than  for  the  tee- 
reinforced  specimens,  and  two  fewer  replications  of  double  initial  flaw 
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Figure  7.  Two-Bay  Stringer-Reinforced  Specimen 


TABLE  2.  TEST  PLAN,  PHASE  I STRINGER- REINFORCED  SPECIMENS 
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Fastener  1 was  flush  head  steel  Hi-lok,  clearance  fit,  low  fastener  torque. 

and  F2  were  nominally  0.050  inch  quarter-circular-shaped  fatique  cracks. 

Razor  flaws  of  0.020  inch  were  used  to  simulate  fatigue-induced  0.005  inch 
continuing  damage  flaws. 

All  specimens  constant-amplitude  cycled  at  S = 17  ksi,  R = 0.1. 


cases. 


This  reflects  a change  made  during  the  program  because  the  single 
initial  damage  cases  were  found  to  have  provided  some  of  the  more  interesting 
test  data  for  the  center-stringer  specimens.  In  addition,  test  scatter  had 
been  low  for  stringer-reinforced  specimens,  reducing  the  need  for  replication. 
Fastener  1,  in  the  precracked  hole,  is  always  a clearance-fit,  untorqued  steel 
Hi-lok  fastener,  and  the  remote  fasteners  in  all  other  rows  are  standard  rivets  or 
interference-fit  Hi-loks.  However,  Fastener  2,  in  the  hole  adjacent  to  the  ini- 
tial crack,  is  either  like  Fastener  1 (for  double  initial  crack  cases  with  or 
without  continuing  damage  flaws)  or  like  the  remote  fasteners  (for  single  or 
double  initial  crack  cases  without  continuing  damage  flaws) . 

Clearance-fit  steel  Hi-lok  fasteners  were  used  in  the  flawed  holes. 

Fasteners  in  the  six  rows  nearest  the  center  of  the  specimens  were  selected 
to  be  representative  of  standard  design  practice  for  each  configuration. 

Thus, interference-fit  steel  flush-head  fasteners  were  used  where  the  speci- 
men simulates  a skin-to-skin  splice  (Specimen  type  4.8-3)  or  skin-to-web 
splice  (Specimen  type  4.9),  whereas  flush-head  aluminum  rivets  were  used 
where  there  was  no  splice  (4.8-1  type  specimen).  Protruding  head  fasteners 
were  used  at  the  remaining  locations  between  grips  because  these  fasteners 
have  good  fatigue  characteristics,  are  easy  to  install  and  are  sufficiently 
removed  from  the  test  section  so  as  not  to  influence  the  crack  growth 
results. 

Doublers  were  bonded  to  each  end  of  the  specimens  to  provide  a gradual 
transition  from  the  test  section  to  the  end  grips  without  introducing 
appreciable  bending  stresses.  The  specimens  were  also  necked  down  so  that  the 
combined  bending  and  axial  stresses  in  the  transition  sections  were  less  than 
in  the  test  section.  To  further  minimize  the  possibility  of  fatigue  failures 
in  the  grip  area,  clamp-type  end  attachments  were  used.  The  tee  stringer  was 
tapered  down  in  the  grip  area,  so  that  only  its  base  projected  into  the  grip 
area.  This  resulted  in  induced  bending  stresses.  The  edge  stringers,  being 
of  greater  cross  section,  were  directly  picked  up  by  the  grips  through  pairs 
of  aluminum  channels  clamped  to  the  protruding  legs  of  the  angles  and  the  simu- 
lated shear  webs.  Constant-amplitude  cycling  at  = 17  ksi,  R = 0.1  was 

used  for  all  Phase  I tests.  Marking  cycles  were  applied  periodically  at 

S =17  ksi,  R = 0.82.  The  marking  cycles  produced  negligible 
max 
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crack  growth.  Marking  cycles  were  not  used  for  the  edge  stiffened  panels. 

3.  PHASE  II  TESTS 

The  purpose  of  the  Phase  II  testing  was  to  answer  questions  raised  by  the 
Phase  I tests  and/or  to  extend  the  Phase  I test  results  to  more  complex 
structures  and  to  spectrum  loading.  Fourteen  Phase  II  tests  were  conducted, 
consisting  of 

• Two  thick  double  lap  joint  specimens  and  two  split-skin  tee- 
reinforced  panels  to  study  spectrum  loading  effects, 

• Six  single  lap  joint  specimens  to  study  spectrum  loading  effects 
and  the  effect  of  fastener  head  (protruding  or  flush)  on  crack 
reinitiation  time  at  a f ully-torqued , interference-fit  Hi-lok 
fastener, 

• Four  two-bay  stringer-reinforced  panels  to  study  the  effects  of 
multiple  stringers  (more  structural  complexity)  and  a lower  cyclic 
stress  level. 

3.1  Flight-Simulation  Spectrum  Tests 

The  Phase  II  test  program  included  eight  flight-simulation  spectrum  tests. 
The  purpose  of  spectrum  testing  was  to  establish  the  extent  to  which  structural 
effects  and  load  history  effects  can  be  considered  independently  in  crack 
growth  analysis  of  complex  structure.  The  more  independent  these  effects  are, 
the  more  directly  applicable  will  be  the  results  of  the  Phase  I testing,  since 
aircraft  structures  experience  variable-amplitude  fatigue  loads  whereas 
Phase  I consisted  of  constant-amplitude  fatigue  testing. 

The  test  matrix  summarized  in  Table  3 was  specifically  designed  to 
examine  the  independence  of  structural  effects  and  load-history  effects.  Both 
baseline  and  structural  spectrum  tests  were  conducted.  There  were  duplicate 
spectrum  tests  for  each  of  the  structural  configurations.  For  each  test  con- 
dition (including  baseline  tests),  there  was  a corresponding  set  of  identical 
specimens  tested  under  constant-amplitude  loading.  The  same  loading  sequence 
was  used  in  all  spectrum  tests  for  direct  comparability. 
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TABLE  3.  PHASE  II  TESTS  TO  ASSESS  SPECTRUM  LOADING  EFFECTS 


Specimen 

Configuration 

Spec. 

No. 

Reference  Load 
or  Ref.  Stress 

Corresponding 

Const.  Amplitude 

Data 

CT  Specimen 

CT5-1 

1.6  kip 

Figure  37,  Section  4 

(Baseline  da/dN) 

CT5-2 

1 . 0 kip 

Modified  CT 

MCT-1 

1.8  kip 

Figure  35,  Section  4 

(Baseline  Crack 

MCT-2 

1.8  kip 

Initiation) 

MCI- 3 

MCT-4 

3.125  kip 

3.125  kip 

Split  Skin  Tee 

4. 8-3-1 

30.0  ksi 

Spec.  No.  4. 8-3-3 

(Figure  B-1, 
Appendix  B) 

4. 8-3-2 

30.0  ksi 

and  4. 8-3-4 

Double  Lap  Joint 

4 . 6A-9 

30.0  ksi 

Spec.  No.  4.6A-3  and 

(Figure  2) 

4 . 6A-10 

30.0  ksi 

4 . 6A-4 

Single  Lap  Joint 

4.7- 10^. 

4.7- 11''  ^ 

25  ksi 

Spec.  No.  4.7-6 

(Figure  4) 

30  ksi 

4 7-12^^^ 
4.7-13'' 

30  ksi 

Spec.  No.  4.7-7  and 

30  ksi 

4.7-8 

(1)  Also  tested  to  assess  effects  of  fastener  types  (See  Table  4A) . 


With  the  data  generated,  predictions  for  the  spectrum  tests  can  be  made 
by  using  the  constant  amplitude  baseline  data  and  retardation  modeling,  or  by 
the  direct  use  of  the  spectrum  baseline  data.  The  stress  intensity  expressions 
used  can  be  the  theoretical  expressions  used  for  the  constant-amplitude 
structural  specimens,  or  empirical  K expressions  obtained  by  the  semi- inverse 
method  from  the  observed  crack  growth  rates  in  the  constant-amplitude 
structural  tests. 

Figure  8 shows  the  80-flight  loading  sequence  that  was  used  in  all 
spectrum  tests  in  this  program.  It  was  a randomized  sequence  that  simulated 
the  lower  wing  surface  loads  in  the  spanwise  direction,  excluding  compression, 
for  a typical  fighter  aircraft  during  a pilot  training  course.  The  training 
course  consisted  of  a sequence  of  80  flights  and  was  given  repeatedly,  without 
significant  variation,  to  successive  groups  of  students.  Thus  the  loading 
sequence,  shown  in  Figure  8 was  periodic  and  was  identically  repeated  every 
80  flights. 
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Figure  8.  The  80-Flight  Spectrum  Loading  Seq 


The  largest  25  loads  in  the  sequence  are  identified  in  Figure  8.  The 

magnitudes  noted  are  peak  load  factors.  The  largest  load  factor,  7.2,  which 

occurs  in  flight  number  39,  is  the  reference  load  factor  for  the  sequence. 

The  magnitude  of  the  reference  load  factor  is  close  to  a typical  design  limit 

load  factor  value  (N  ) for  a fighter  aircraft.  For  example,  N = 7.33  is  used 

z z 

as  typical  in  Reference  2. 

Typical  design  stress  at  limit  load  for  7000  series  aluminum  for  a 

fighter  is  30  ksi.  For  example,  fatigue  design  computations  in  Reference  2 

led  to  a design  ultimate  stress  of  44.5  ksi,  where  design  limit  stress  is  two- 

thirds  of  design  ultimate.  Therefore,  for  all  but  one  of  the  structural 

tests,  a spectrum  reference  stress  of  S„  . = 30  ksi  was  selected.  S of 

Ret  Ref 

course,  is  the  gross  area  stress  value  corresponding  to  the  reference  load 
factor. 

An  important  advantage  of  this  loading  sequence  is  that  the  occurrence  of 
the  reference  load  in  Flight  Number  39  of  each  80-flight  sequence  tends  to 
visibly  mark  the  fracture  surface.  This  provides  a history  of  the  crack 
front  shape  and  (by  the  spacing  of  the  marks)  crack  growth  rate  for  cracks 
hidden  within  the  structure. 

3.2  Joint  Tests  for  Fastener  Head  Effects  and  Two-Bay  Panel  Tests 

To  clarify  the  role  of  fastener  head  type  on  the  reinitiation  time  of  a 
crack  arrested  at  a fully-torqued , interference-fit  Hi-lok  fastener,  two  of 
the  single  lap  joint  specimens  (4.7-7  and  4.7-8)  were  fabricated  and  tested 
identically  to  Specimen  4.7-6,  except  that  protruding  head  rather  than  flush 
head  Hi-lok  fasteners  were  used.  For  similar  reasons  two  of  the  remaining 
four  single  lap  shear  specimens  had  flush  head  and  two  had  protruding  head 
fasteners.  These  last  four  single  lap  joint  specimens  were  spectrum  tested 
using  the  80-flight  loading  sequence.  Table  4A  shows  these  test  conditions 
and  the  corresponding  test  specimen  numbers. 

Table  4B  summarizes  the  two-bay  test  group.  Specimens  4.10-1  and  -2  had 
the  identical  specimen  geometry  and  precrack  condition  to  two  of  the  split- 
skin  tee  specimens  tested  except  for  the  addition  of  edge  stiffeners  and  simu- 
lated shear  web  strips.  Likewise,  Specimens  4.10-3  and  -4  had  the  identical 
geometry  and  precrack  condition  to  two  of  the  edge-stringer  specimens  except 
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TABLE  4.  PHASE  II  TESTS  OF  SINGLE  LAP  JOINTS  AND  TWO- BAY 
STRINGER-REINFORCED  PANELS 

A.  SINGLE  LAP  JOINT  SPECIMENS 


Specimen  No. 

Fastener  Type 

Loading 

4.7- 7 

4.7- 8 

HL50-10 

Protruding  Head 
Hi-lok 

Constant  Amplitude 

S = 17  ksi,  R = 0.1 

max 

4.7- 10 

4.7- 11 

HL51-10 

Flush  Head 

Hi-lok 

Sp  f = 25 

Ref 

m 

S S w s„  , = 30 
o S >-i  Ref 

M PS  cq 

4.7- 12 

4.7- 13 

HL50-10 

Protruding  Head 
Hi-lok 

1— 1 t— * 

U H ^ - TO 

o fiq  w Ref 

00  cn  w 

- 3° 

Specimen  Type:  Figure  4.  Initial  Damage:  D,  Figure  6. 

B.  TWO  BAY  SPECIMENS 
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for  the  addition  of  a central  tee  stiffener  and  the  split  in  the  skin.  As 
such,  they  were  excellent  tests  for  evaluating  the  effects  of  increased  com- 
plexity. In  addition,  a lower  stress  level  (12  ksi  as  opposed  to  17  ksi)  was 
used  on  half  of  the  two-bay  tests  to  investigate  the  effect  of  stress  level 
on  the  crack  growth  behavior  and  to  insure  that  multistringer  interaction 
effects  would  be  present. 

Photographs  of  the  two-bay  specimen  are  shown  in  Figure  7,  and  a 
dimensioned  drawing  is  given  in  Figure  B-3,  Appendix  B. 

4.  STRAIN  GAGING 

Strain  gage  surveys  of  each  type  of  specimen  were  made.  Included  in 
the  strain  gaging  were  specimens  4.6A-8,  4.7-3,  4.7-7,  4. 8- 1-2,  4.9-7, 

4.10-1,  and  4.10-3.  The  purpose  of  the  strain  measurement  was  to: 

• Check  that  the  gripping  and  loading  configuration  used  produced 
uniform  loading  across  the  width  for  the  initial  test  conditions 

• Evaluate  the  bending  in  the  specimen 

• Monitor  the  changes  in  the  strains  as  the  cracks  grew 

• Use  the  results  of  the  strain  survey  (bending  and  variations  with 
crack  length)  to  understand  any  discrepancies  between  the  before- 
test predictive  analysis  and  the  fatigue  test  results. 

5.  BASELINE  TEST  SUMMARY 

In  support  of  the  structural  test  program  described  in  the  previous 
sections,  a series  of  baseline  tests  was  conducted  which  evaluated  more 
fundamental  material  properties.  Other  tests  which  are  not  yet  available 
in  the  open  literature  but  contribute  to  an  understanding  of  the  overall 
program  are  also  discussed  in  this  section  as  baseline  tests. 


No  strain  gages  were  necessary  on  the  thin  double  lap  joints  (type  4.6B) 
or  split-skin  tee-reinforced  panels  (type  4.8-3)  because  of  their  similarity 
to  specimen  types  4.6A  and  4.8-1,  respectively,  which  were  strain  gaged. 
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The  objectives  of  the  baseline  tests  were  to: 

• Establish  that  the  material  was  typical  of  the  alloy  used 

• Generate  data  for  use  in  the  predictive  analysis 

• Develop  methodology  for  producing  specific  effects  during  the 
structural  testing 

• Investigate  and  check  phenomena  observed  in  the  structural  test 
data  of  Phase  I. 


These  objectives  were  met  by  performing  the  following  corresponding 
tests,  summarized  in  Table  5: 

1)  Tensile  tests  on  coupons  from  0.094-  and  0.188-inch  sheet, 
0.250—  and  0.375— inch  plate,  and  angle  and  tee  extrusions 
(6  specimens  each). 

2)  Fatigue  crack  initiation,  fatigue  crack  growth,  and  fracture 
tests  as  follows: 

• Constant-amplitude  fatigue  crack  initiation  tests  of  open- 
hole  coupons  (for  sheet,  plate  and  extrusion)  and  small 
specimens  with  fasteners  (0.188-inch  sheet  only)  for  pre- 
dicting the  initiation  of  secondary  cracks  ("crack 
reinitiation  ) at  initially  undamaged  locations  in  the 
structural  specimens. 

• Constant  amplitude  fatigue  crack  growth  rate  tests  (sheet, 
plate  and  extrusion) . 

• Crack  growth  resistance  curve  tests  (sheet  and  plate)  and 
fracture  tests  (extrusion) . 

• Spectrum  fatigue  crack  initiation  tests  of  open-hole  coupons 

crack  growth  tests  (0.188— inch  sheet)  using  the 
80-flight  flight-simulation  loading  sequence  used  in  the 
Phase  II  structural  tests. 

3)  Tests  to  develop  a technique  for  marking  the  fracture  surface 
using  variations  in  cyclic  loading  that  did  not  appreciably 
affect  the  crack  growth  rates. 

A series  of  tests  to  establish  the  size  of  razorblade-induced 
corner  flaw  that  would  best  simulate  a 0.005-inch  fatigue- 
induced  initial  flaw.  See  Appendix  C. 
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TABLE  5.  BASELINE  TEST  SUMMARY 
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^Conducted  under  other  funding.  See  Appendix 


Tests  to  check  the  shape  of  the  nominal  0.050-inch  cracks  generated 
by  precracking. 

4)  Fatigue  initiation  tests  evaluating  the  effectiveness  of  fully- 
torqued  flush  head  and  protruding  head  Hi-lok  fasteners  for 
crack  arrestment. 
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SECTION  III 


ANALYSIS  METHODS 


1.  BACKGROUND 

1.1  Summary  of  Analysis  Approach 

The  approach  to  predicting  constant-amplitude  fatigue  crack  propagation  in 
simple  monolithic  structural  members  consists  of  the  steps  shown  in  Figure  9. 
Baseline  crack  growth  rate  data  (da/dN  vs  K)  are  obtained  by  test  for  the  appropri- 
ate material,  loading,  and  environment.  The  stress  intensity  factor  vs  crack 
length  (K  vs  a)  curve  for  the  geometry  of  the  cracked  structural  member  is 
obtained  from  a mathematical  analysis.  By  combining  these  two  and  integrating 
dN/da,  predictions  can  be  obtained  of  the  number  of  cycles  required  to  reach 
any  desired  crack  length  ”a."  The  primary  limitation  to  this  approach  is  that 
inelastic  deformations  must  be  limited  to  the  immediate  crack  tip  neighbor- 
hood (small-scale  yielding) . 

In  mechanically  fastened  structure  the  problem  of  crack  growth  predic- 
tion requires  additional  considerations.  As  the  crack  grows,  the  fastener 
loads  will,  in  general,  change.  This  change  could  be  important  since  the 
fastener  load  distribution  affects  the  magnitude  of  the  stress  intensity 
factor.  Furthermore,  the  propagating  crack  may  be  arrested  at  a fastener 
hole  or  free  edge.  If  no  flaw  is  present  at  the  opposite  side  of  the  arrest- 
ing hole,  then  crack  reinitiation  time  must  be  predicted. 

The  phenomenon  of  crack  arrest  and  reinitiation  was  studied  in  Refer- 
ence 9.  It  was  found  that  the  reinitiation  time  of  a crack  arrested  at  an 
unflawed  empty  hole  can  be  estimated  using  fatigue  data  from  center-notched 
(unflawed)  coupons.  It  is  necessary  to  estimate  the  stress  concentration 
factor  k^  for  the  long  notch  created  by  the  arrested  crack.  Then  by  matching 
both  the  peak  elastic  stress  (^^S)  and  the  notch  radius  with  those  of  the 
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LOG  OF  INVERSE  RATE,  LOG  OF  CRACK  GROWTH 

dN/da  RATE,da/dN 


@ @ 


Figure  9.  Crack  Growth  Prediction  Method 
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baseline  fatigue  coupon,  the  crack  initiation  times  also  match.  This 
background  work  is  summarized  in  Section  III,  Paragraph  1.3. 

Estimation  of  the  crack  arrest  time  at  a fastener  hole  in  mechanically 
fastened  structure  requires  an  extension  of  the  approach  used  in  Reference  9, 
wherein  the  stress  concentration  factor  k^  is  replaced  by  the  stress  severity 

factor  (X).  The  stress  severity  factor  concept  was  first  Introduced  by 

Jarfahl  (Reference  29)  to  account  for  the  effects  of  fastener  variables  and 
fastener  load  transfer  on  the  fatigue  life  of  mechanical  joints.  The  extended 
stress  severity  factor  approach  for  predicting  crack  reinitiation  times  at 
fastener  holes  is  presented  in  Section  III,  Paragraph  2. 

Of  course.  Reference  1 requires  the  assumption  of  initial  continuing 
damage  flaws  equivalent  to  quarter  circular-shaped  corner  fatigue  cracks  with  a 
0.005  inch  radius.  For  specimens  containing  these  flaws,  the  entire  analysis 

can  be  done  by  fracture  mechanics  using  a baseline  crack  growth  rate  curve 

and  estimates  of  the  stress  intensity  factor. 

There  are  several  sophisticated  methods  for  computing  stress  intensity 
factors  for  complex  configurations.  Examples  are: 

• Special  purpose  computer  programs  for  calculating  stress  intensity 
factors  for  stringer-reinforced  sheets  containing  long  cracks 
(References  19(a),  24,  30-32)  or  for  cracks  from  cold-worked  or 
pin-loaded  holes  (Reference  33).  The  applicability  of  each  such  pro- 
gram is  limited  to  a certain  class  of  configurations. 

• Finite  element  analysis,  especially  using  a special  crack-tip  finite 
element  containing  the  correct  stress  singularity  (References  34-38). 

The  man-hours  required  to  set  up  the  modeling  for  a proper  finite 
element  analysis  of  structure  at  a sequence  of  anticipated  crack 
lengths  appears  to  make  this  approach  too  costly  for  routine  damage 
tolerance  design  analysis. 

An  engineering  approach  to  the  estimation  of  stress  intensity  factors  is 
by  the  use  of  multiplicative  correction  factors  based  on  existing  K solu- 
tions. This  approach  has  been  used  in  References  2,  7,  9,  and  39  and  is  used 
in  this  report.  Rooke  and  Cartwright  (References  40  and  41)  use  a similar 
approach  and  call  it  the  "compounding  from  known  solutions."  References  42 
and  43  provide  stress  intensity  solutions  for  a large  number  of  configurations 
and  loading  conditions  for  use  in  this  method.  Section  III,  Paragraph  3.  contains 
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all  the  stress  intensity  formulas  and  correction  factors  used  in  predicting 
crack  growth  for  the  structural  specimens  tested  in  this  research  program. 

A crack  growing  in  a mechanically~f astened  joint  will  cause  a redistri- 
bution of  the  fastener  loads.  Finite  element  analyses  can  be  used  to  compute 
the  array  of  fastener  loads  in  the  joint  test  specimens  as  a function  of 
crack  size.  The  load  transferred  by  the  fastener  in  the  cracked  hole 
decreases,  while  the  loads  of  the  other  fasteners  in  general  increase.  This 
redistribution  of  fastener  loads  will  affect  the  crack  growth  rate.  The 
importance  of  this  effect  was  not  known  prior  to  this  research  program.  The 
finite  element  analysis  used  to  calculate  the  redistributed  fastener  loads  as 
a function  of  crack  length  is  presented  in  Section  III,  Paragraph  4. 

1 . 2 Continuing  Damage  for  a Crack  Growing  Along  a Row  of  Holes 

One  of  the  central  questions  considered  in  this  research  program  was  how 
to  handle  continuing  damage.  That  is,  when  the  crack  arrests  at  a free  edge 
or  fastener  hole,  how  does  the  analysis  deal  with  the  reinitiation  of  the 
arrested  crack? 

An  experimental  and  analytical  study  was  completed  (Reference  9)  of  the 
continuing  damage  aspects  of  crack  growth  along  a row  of  colllnear  fastener- 
sized holes.  Four  flat-sheet  7075-T6  Aluminum  specimens  (Figure  10)  containing 
11  fastener-sized  holes  and  an  E.D.M.  notch  at  the  edge  of  the  centermost  hole 
were  tested  under  constant-amplitude  cyclic  loading  at  two  stress  levels  and 
R = 0.1  in  laboratory  air  environment. 

For  purposes  of  analysis,  the  crack  growth  life  of  each  specimen  can  be 
separated  into  a succession  of  crack  propagation  periods  and  crack  reinitia- 
tion periods.  A surface  crack  length  of  0.050  inch,  measured  from  the  edge 
of  the  nearest  hole,  is  selected  here  as  the  criterion  for  Initiation  or 
reinitiation.  The  time  increment  for  a 0.050-inch  crack  to  grow  until  arrest 
at  the  next  hole  is  designated  as  a crack  growth  period;  the  time  increment 
between  crack  arrest  at  the  hole  and  the  development  of  a 0.050— inch  crack  on 
the  other  side  of  that  hole  is  a crack  reinitiation  period. 
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Figure  10.  Test  Specimen  Configuration  from  Reference  9 
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A typical  test  result  is  shown  in  Figure  11.  The  loci  of  the  right-  and 
left-hand  crack  tips  are  plotted  against  time.  The  distance  between  these 
loci  is  the  crack  length.  The  horizontal  segments  (parallel  to  the  time  axis) 
correspond  to  crack  reinitiation  periods.  Note  that  after  the  first  crack 
arrest,  it  was  predominatly  the  crack  reinitiation  periods  that  determined  the 
remaining  test  life.  Clearly,  a reliable  method  to  estimate  crack  reinitia- 
tion periods  is  needed  if  the  crack  growth  lives  are  to  be  accurately  esti- 
mated for  configurations  such  as  a crack  growing  along  a row  of  holes. 

Crack  reinitiation  times  can  be  estimated  by  at  least  two  different  pro- 
cedures. One  is  to  assume  that  a microcrack  of  a designated  size  is  present 
at  the  reinitiation  site  at  some  designated  time,  estimate  its  stress  intensity 
factor,  and  use  linear  elastic  fracture  mechanics  to  compute  the  time  required 
for  that  crack  to  grow  to  a length  of  0.050  inch.  (Reference  1 requires  the 
assumption  of  initial  0.005  microcracks  at  potential  reinitiation  sites.)  The 
second  is  to  use  crack  initiation  data  and  an  estimate  of  k^,  the  stress  con- 
centration factor  at  the  crack  reinitiation  site.  Figure  12  compares  the 
observed  crack  reinitiation  periods  for  the  four  row-of-holes  specimens  with 
the  reinitiation  periods  computed  by  using  fracture  mechanics  and  using  crack 
nucleation  data. 

Paragraph  3.1.1.2c  of  Reference  1 states  the  following: 

’’When  the  crack  growth  from  the  assumed  initial  flaw  enters  into 
and  terminates  at  a fastener  hole,  continuing  damage  shall  be  an 
0.005-inch  radius  corner  flaw  +Aa  (the  amount  of  prior  growth) 
emanating  from  the  diametrically  opposite  side  of  the  fastener  hole 
at  which  the  primary  damage  terminated.” 

This  continuing  damage  criterion  was  directly  applied  in  Reference  9 by 
assuming  the  pre-existence*  of  a 0.005-inch  corner  crack  at  each  eventual 
crack  reinitiation  site.  However,  when  its  accumulated  length  at  the  time 
of  arrest  of  the  main  crack  was  calculated,  it  was  found  in  every  case  to 
already  exceed  0.050  inch.  The  computed  reinitiation  periods  did  not  exist. 
(Recall  that  a reinitiation  period  is  defined  as  the  time  from  the  instant 


*i.e.,  existence  at  the  time  that  the  original  0.030-inch  EDM  flaw  at  the 
centermost  hole  had  developed  into  a 0.050-inch  crack. 
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Figure  12.  Actual  and  Estimated  Crack  Reinitiation  Periods 


of  crack  arrest  at  a hole  to  the  development  of  a crack  of  0.050-inch  surface 
length  on  the  opposite  side  of  that  hole.)  For  the  cases  tested,  the  existing 
continuing  damage  criterion  from  Reference  1 would  have  led  to  estimates  so 
conservative  that  they  are  impossible  to  plot  in  Figure  12. 

It  should  be  noted,  however,  that  for  structural  configurations  where 
the  stress  intensity  factor  is  due  primarily  to  local  fastener  loads  as 
opposed  to  remote  tensile  loads,  the  assumption  of  0.005-inch  cracks  may  be 
more  accurate.  This  assumption  also  may  be  more  accurate  when  the  remote 
stresses  are  higher,  so  that  crack  initiation  times  at  unflawed  fastener  holes 
are  relatively  short. 

The  lines  in  Figure  12  labeled  Fracture  Mechanics  Predictions  were  calcu- 
lated with  the  assumption  that  there  was  no  accumulated  prior  growth  Q\a  = 0). 
Even  at  that,  the  assumption  of  a continuing  damage  crack  of  a^  = 0.005  inch 
at  the  moment  of  prior  crack  arrest  is  conservative  by  a factor  of  roughly 
6 to  12  in  its  prediction  of  crack  reinitiation  times.  Even  with  the  assump- 
tion of  a smaller  initial  crack  size  (a  = 0.002  inch  as  was  successful  in 

o 

Reference  44),  the  predicted  reinitiation  periods  are  shorter  than  the  actual 
reinitiation  periods  by  a factor  of  about  4 to  8. 

The  use  of  crack  nucleation  data  for  prediction  of  reinitiation  periods 
led  to  better  agreement  in  the  range  of  interpolation  of  the  data  (solid  line 
in  Figure  12),  where  the  error  amounted  to  about  a factor  of  2.  It  should  be 
borne  in  mind  that  this  study  dealt  with  empty  holes,  not  holes  containing 
fasteners . 

Note  that  the  data  and  analytical  results  are  plotted  in  Figure  12  in 
terms  of  the  peak  elastic  stress  at  the  notch  tip  (crack  initiation  site).  The 
discussion  in  Reference  9 develops  the  theoretical  basis  for  using  this  variable 
by  itself  to  characterize  the  rate  of  damage  accumulation  and  microcrack  growth 
in  the  notch  root  neighborhood.  The  arguments  in  this  discussion  are  funda- 
mental to  the  way  continuing  damage  analyses  are  conducted  in  this  program. 
Therefore  this  discussion,  taken  from  Reference  9,  is  included  in  the  following 
subsection. 
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1.3  Some  Observations  on  the  Notch  Root  Neighborhood 


In  this  section  the  elastic  stress  field  in  the  neighborhood  of  an 

internal  notch  in  a plate  is  considered.  Figure  13  shows  an  isolated 

elliptical  hole  of  major  diameter  2A  and  minimum  radius  of  curvature  R 

o o 

in  an  infinite  plate  subjected  to  a uniform  tension  field  S normal  to  the 
direction  of  the  major  diameter. 

For  this  case  the  peak  elastic  tensile  stress  at  the  edge  of  the  notch 
is  given  by 


cr  (0)  = (1  + 2 7a  /R  )S  = k S 
lL  ^ o o t 


(1) 


The  expansion 


+ . . . (2) 

is  a valid  representation  of  the  elastic  stresses  for  small  values  of  x, /R  , 

1 o 

where  is  measured  from  the  notch  root  and  prime  denotes  differentiation 
with  respect  to  x^.  The  solution,  expressed  in  the  form  of  Equation  (2),  is 
given  by 


1 1 ^ i 


Figure  13.  Elliptical  Hole  in  a Plate 


40 


+ . . 


'22 


1 

t o 


"22 «) 


2x, 


+ . . . 


’12 '’‘i> 

'22«» 


= 0 


(3) 

a,b,c 


Note  that  the  term  1 + l/(2k^)  is  approximately  constant  and  equal  to  unity 
when  kt  ^ 3.0.  There  is  no  other  dependence  on  k^  in  Equations  (3). 

Thus,  in  a manner  similar  to  the  way  the  crack  tip  stress  intensity 

factor  governs  the  elastic  stress  field  at  a crack  tip,  the  peak  elastic 

notch  stress  0-22(0)  governs  the  elastic  stress  field  for  all  k^  > 3.0  notches 

of  equal  notch  root  radius  R . 

o 

Stated  another  way,  the  elastic  stress  distribution  near  any  long  ellip- 
tical hole  of  minimum  radius  and  peak  elastic  notch  stress  a'22^^^  is 
approximately  identical  to  the  elastic  stress  distribution  near  a circular 
hole  having  the  same  minimum  notch  radius  and  peak  elastic  stress.  This 
local  equivalence  of  notch  root  stresses  occurs  despite  the  fact  that  the  k^ 
values  for  the  circular  and  elliptical  holes  may  be  vastly  different.  The 
elastic  notch-root  stress  field  for  a long  slot  formed  by  collinear  circular 
holes  connected  by  a crack,  is  likewise  expected  to  be  equivalent  to  that  of 
one  circular  hole,  provided  notch  radius  and  peak  stress  match.  This  is 
expected  because  of  the  geometric  similarity  between  such  a slot  and  a long 
ellipse,  although  exact  stress  gradient  expressions  for  a long  slot  are  not 
available . 

The  equivalence  among  notch  stresses  for  equal-radius  internal  notches 
with  different  geometries  and  k^  values  has  important  implications  for  analysis 
methods  for  fatigue  crack  nucleation  and  the  fatigue  propagation  of  tiny  cracks 
at  notch  roots. 


41 


Referring  to  Figure  14,  let  p denote  the  region  in  the  notch-root 

.n  which  the  exact  elas 
, the  notch  stress  field  for 


neighborhood  of  an  arbitrary  elliptic  notch  within  which  the  exact  elastic 

stress  field  cr . . is  essentially  equal  to  o*  . . 

ij  ij 

a circular  hole  of  the  same  radius.  Suppose  that  some  inelastic  behavior,  such 


as  plasticity,  fatigue  damage,  or  micorcracking  occurs  within  the  subregion  6, 
embedded  within  p . If  6 is  small  enough,  this  inelastic  behavior  will  have 
no  effect  outside  the  region  p . 


Under  this  condition  of  small-scale  inelasticity,  the  mechanical  response 
of  the  material  (i.e.,  true  plastic  strain,  rate  of  fatigue  damage,  or  propagation 
rate  and  stress  intensity  factor  of  a microcrack)  near  the  root  of  an  arbitrary 
elliptic  notch  will  be  totally  governed  by  cr^ ; in  other  words,  it  will  be 
the  same  as  that  for  a circular  notch  of  the  same  material  and  notch  radius, 
similarly  fabricated  and  subjected  to  the  same  environment  and  peak  elastic  notch 
stress  history. 


This  statement  and  its  supporting  argument  are  analogous  to  the  classical 
Irwin-Rice  arguments  (References  45-46)  for  why  the  elastic  stress  intensity 
factor  history  governs  the  propagation  behavior  of  a crack  for  cases  of  small- 
scale  yielding . 


Figure  14.  Notch  Root  Neighborhood,  Long  Elliptical  Notch 
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For  cases  of  small-scale  inelasticity  near  a notch  root  several  important 
analysis  simplications  are  possible.  Among  them  are  the  following: 

a.  Results  of  inelastic  analyses  for  a circular  hole  (such  as  true 
plastic  strain  at  the  notch  edge,  plastic  zone  size,  etc.)  are 
accurate  approximations  (in  the  case  of  small-scale  Inelasticity) 
for  long  elliptic  holes  and  slots  with  the  same  minimum  notch  radius 
and  peak  elastic  stress  at  the  edge  of  the  notch. 

b.  Standard  fatigue  coupons  with  a central  circular  hole  of  (for 
example)  radius  Rq  = 0.125  inch  can  be  fatigue  tested  to  obtain  a 
plot  of  peak  notch  stress  against  fatigue  crack  nucleation  life. 

This  plot  should  predict  the  life  for  any  elliptical  notch  or  slot 
with  k^  > 3 having  a minimum  notch  radius  R^  = 0.125  inch. 

c.  The  stress  intensity  factor  for  a tiny  through-the-thickness  crack 
of  length  "a"  emanating  from  the  root  of  a long  elliptical  notch  or 
slot  of  minimum  radius  Rq  should  be  essentially  proportional  to  the 
stress  intensity  factor  for  a crack  of  the  same  length  emanating 
from  a circular  hole  of  the  same  radius.  Thus,  for  the  through- 
thickness microcrack  emanating  from  a long  notch. 


(A) 


where  F(a/(a  + Rq))  is  taken  from  Reference  47  (See  Equation  (18). 

d.  The  propagation  rate  of  a small  crack  near  the  root  of  a long  notch 
should  be  the  same  as  the  propagation  rate  of  an  identical  crack 
near  the  root  of  a circular  notch  of  like  radius  subjected  to  an 
identical  peak  elastic  notch  stress  history.  (This  would  not 
necessarily  follow  from  paragraph  b since  the  plastic  zone,  while 
small  compared  with  the  notch  neighborhood  P of  Figure  14,  may  be 
large  when  compared  with  the  crack  length,  so  that  K will  not  fully 
govern  crack  propagation  rate.) 

The  above  hypotheses  are  the  keys  that  permit  the  analyses  of  the  crack 
reinitiation  periods  for  cracks  arresting  at  holes. 

2.  PREDICTING  THE  REINITIATION  OF  AN  ARRESTED  CRACK 

In  Reference  9 the  reinitiation  time  of  a fatigue  crack  that  had  arrested 
at  an  open  hole  is  estimated  from  baseline  coupon  fatigue  (crack  initiation) 
data  and  a computed  value  of  the  stress  concentration  factor  k^.  The  presence 
of  the  arrested  crack  is  accounted  for  in  the  k^  value. 
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In  the  following,  the  theory  is  developed  to  extend  the  prediction 
approach  of  Reference  9 to  estimate  the  reinitiation  of  an  arrested  fatigue 
crack  at  a fastener  hole  where  some  fastener  load  transfer  may  occur.  Here 
it  is  assumed  that  the  stress  severity  factor  \ (Reference  29)  can  be  used  to 
replace  as  the  parameter  characterizing  the  severity  of  the  stresses  at  the 
crack  nucleation  site.  The  factor  K includes  a term  intended  to  account  for 
fastener-load  transfer  and  factors  to  account  for  the  nature  of  the  fastener 
and  differences  in  hole  radius. 


2.1  Modified  Stress  Severity  Factor  Equation 

As  used  here,  the  stress  severity  factor  X is  a factor  which  can  be 
multiplied  by  the  gross  area  stress  in  a joint  to  compute  an  effective  value 
of  the  peak  tensile  stress  at  the  potential  crack  initiation  site  at  the  edge 
of  the  fastener  hole. 

The  equat-’on  to  be  used  here  is  nearly  identical  to  that  of  Jarfahl  in 
Reference  29.  Let  S be  the  reference  gross  area  stress  for  any  mechanically- 
fastened  structure.  Consider  a member  of  width  W and  thickness  t.  For  a 
selected  fastener  of  radius  R^  in  a given  fastener  row,  let AP  be  the  load 
transferred  by  the  fastener;  let  ZAP  be  the  load  transferred  in  that  row  of 
fasteners;  and  let  P^^  be  the  load  bypassing  that  row  in  that  member.  Then 
the  stress  severity  factor  is 


\ = op 


P,  + r ZAP 

2R  tS  ^WtS  ^tg 


AP 


(5) 


In  this  equation  o,  p,  0,  k^^  and  k^^  are  constants  with  the  following 
meanings: 

o = An  empirical  factor  to  account  for  hole  quality  and  hole  size. 
P = An  empirical  factor  to  account  for  fastener  and  fastener  fit. 


44 


0 = A theoretical  **tilt  factor"  to  account  for  the  fastener  rotation 
and  deflection.  Defined  as  the  peak  bearing  stress  divided  by  the 
average  bearing  stress  at  the  hole. 

k = Stress  concentration  factor  for  a plate  with  a hole  subjected  to  a 

^ bearing  load;  equal  to  the  peak  tensile  stress  (due  to  AP)  divided  by 
the  average  bearing  stress. 

k = Gross  area  stress  concentration  factor  for  a hole  in  a finite- 

width  plate  under  uniform  tension;  peak  tensile  stress  due  to  the 
remote  loading  divided  by  the  average  remote  stress. 

The  factors  a and  p were  determined  empirically  using  the  baseline  fastener 

fatigue  specimens;  see  Section  4.2.3.  Theoretical  values  of  the  tilt  factor 

6,  calculated  as  background  to  Reference  48,  were  supplied  for  use  in  this 

research  program  by  Lockheed-Georgia  Company  personnel  and,  in  some  cases, 

computed  by  a finite  element  analysis.  Some  values  of  n , p and  6 used  in 

this  program  are  presented  in  Table  6.  The  stress  concentration  factors  k^^ 

and  k are  discussed  in  the  following  two  sections, 
tg 

2.2  Stress  concentration  Factor  k^^  for  Fastener  Load 

The  factor  k , in  Equation  (5)  is  1.0  for  a pin-loaded  hole  in  a plate 
tb 

of  infinite  width.  For  a plate  of  finite  width.  Figure  147  of  Reference  49 

shows  k , to  increase  with  decreasing  plate  width.  However,  for  2R  /W  < 0.3, 
tb  ^ 

this  increase  in  peak  stress  above  1.0  times  the  bearing  stress  is  not  caused 
by  the  pin  load  itself.  Rather,  it  is  due  entirely  to  the  stress  concentra- 
tion caused  by  the  remote  load  needed  to  equilibrate  the  pin  load. 

Therefore  the  increase  in  \ more  properly  enters  Equation  (5)  through  the 
remote-load  term  (second  parenthesized  term),  not  through  the  constant 
This  is  the  reason  for  the  SAP  quantity  in  the  second  term  of  Equation  (5). 

Thus,  k , = 1.0  is  used  for  circular  holes  when  2R  /W  < 0.3. 

tb  o 

This  research  program  is  concerned  with  crack  reinitiation  after  a crack 

is  arrested  at  a fastener  hole.  An  appropriate  expression  for  k^^  is 

obtained  by  use  of  the  similarities  in  the  four  problems  shown  in  Figure  15. 

Problem  A in  the  figure,  which  has  an  arbitrary  number  (shown  as  J = 3)  of 

fastener  loads,  is  the  one  for  which  a solution  must  be  estimated  for  bearing 

stress  concentration  factor  k , on  the  right-hand  side  of  the  notch.  The 

tb 
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TABLE  6 . CONSTANTS  FOR  STRESS  SEVERITY  FACTOR  ANALYSIS 


a value  for  drilled  holes  (from  baseline  data,  Section  IV): 

0.25  dia.  hole  O'  = 1.00  (assumed) 

0.312  dia.  hole  Of  = 1,03 
0.375  dia.  hole  = 1.06 

P values  for  Steel  Hi-lok  Fastener  (from  baseline  data, 
Section  IV) : 

Open  Hole  (assumed)  p = 1,00 

Clearance  fit,  finger-tight  only  P = 1.00 

0.001  in.  Interference,  full  clamp-up  P = 0.635 

6 values  for  steel  fasteners  in  aluminum  sheet  (theoretical 
results  for  Reference  48): 
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Figure  15.  Equivalent  Crack  and  Notch  Problems 
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solution  for  for  problem  B is  1.0.  The  stress  intensity  factors  for 
Problems  C and  D are  also  known.  For  problem  C at  the  right-hand  crack  tip, 
from  Reference  43, 


AP 

2t\/TTR 

o 


4> 


(6) 


where 


4>  = 


1 + 


J-1 

A-/ 

j = l 


For  problem  D,  from  Reference  43, 


(7^ 


„(D)  _ AP 
2t\/TTR 

o 


(8) 


By  the  similarity  of  these  configurations  it  is  assumed  that  the  solutions 
to  problems  A,  B,  C and  D in  Figure  15  are  related  by 


k 


k 


(A)  „(C) 

tb  _ 

tb 


Combining  Equations  (6)  through  (9)  gives 


(9) 


(10) 
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2.3  Stress  Concentration  Factor  k for  Remote  Loading 

^ O 

Approximate  expressions  can  be  developed  for  uncracked  side  of 

a cracked  hole  in  a strip  subjected  to  uniform  tension.  The  approach  used 
here  is  the  compounding  of  known  solutions.  A set  of  multiplicative  correction 
factors  are  applied  to  modify  a fundamental  solution  so  as  to  account  for 
secondary  structural  details  such  as  strip  width. 

The  fundamental  solution,  from  Equation  (1)  is  for  the  elliptical  hole 
problem  shown  in  Figure  13. 


= 1 + 2^k  /R 
t o o 


(11) 


A shape  factor  is  used  to  adjust  for  the  difference  in  notch  shape 
between  an  elliptical  hole  and  a crack  arrested  at  a circular  hole,  Figure  16. 
The  solution  for  this  problem,  plotted  in  Reference  43,  is  approximated  by 


k 


t 


Y 

0-0 


where  the  shape  correction  factor  is 


(12) 


(13) 


1 i s i 


Figure  16.  Crack  Arrested  at  a Circular  Hole 
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Isida  (Reference  50)  solved  the  problem  of  remote  tension  on  a finite-width 
strip  of  width  W with  a central  elliptical  hole.  The  following  approximate 
width  correction  was  worked  out  in  Reference  9. 


ir  = y 
^t  W ^t 


(1) 


(14) 


y = 
w 


sec 


ttA 
o 

W 


+ /r  /a  )/2 

^ o o 


It  is  convenient  to  factor  y into  parts  as  follows 

w 

Y = Y Y 

’W  TW  ^RW 


(15) 


(16a) 


Y 


FW 


(16b) 


Y 


RW 


^ ^v/r  /4A 
ttA  \ o o 

— 
w I 


(16c) 


Note  that  V is  the  width  correction  associated  with  a crack  in  a finite 
F W 

Strip.  Thus  accounts  for  the  difference  between  finite  width  effects 

for  k^  of  an  elliptical  hole  and  for  of  a crack.  For  several  other  cases, 
correction  factors  for  k^  are  assumed  to  be  identical  to  those  for  K^,  the 
stress  intensity  factor.  Equations  for  these  are  described  in  Section  III, 
Paragraph  4.  The  configurations  for  these  cases  are  shown  in  Figure  17, 
along  with  the  applicable  k^  expressions  for  each  case. 

Note  in  Figure  17  that  Equation  (16)  can  be  extended  and  used  for  a 
mildly  eccentric  notch  in  a finite-width  strip.  The  stress  intensity  solution 
for  an  eccentrically-cracked  strip,  discussed  in  Section  III,  Paragraph  3.2.2 
and  approximated  in  Equations  (27a)  and  (27b),  is  recommended  for  this  purpose. 
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Figure  17.  Stress  Concentration  Factors  for 
Common  Notch  Configurations 


51 


2. A Baseline  Fatigue  Data  Required 


Equation  (5)  Is  the  general  equation  for  stress  severity  factor  used  In 
this  research  study.  If  the  fastener  loads  are  known,  X.  can  be  computed. 

What  Is  then  needed  Is  a relationship  between  X.  and  fatigue  life  for  the 
material,  environment,  and  loading  history  of  Interest. 

The  material  Is  7075-T6  aluminum  In  several  product  forms,  most  commonly 
0.182-lnch  sheet.  The  loading  history  for  Phase  I testing  Is  constant  cyclic 
amplitude,  R = 0.1.  Phase  II  has  some  testing  with  a specific  fllght-by- 
fllght  loading  sequence.  The  environment  Is  laboratory  air  (69-75°F, 

30-50%  RH). 

Thus,  coupons  with  known  values  of  \ were  fatigue  tested  at  various 
stress  levels  to  determine  the  time  until  crack  Initiation.  Open-hole 
coupons  (for  which  \ =0'(3k^)  were  used  with  0.250— Inch  diameter  holes,  o was 
set  equal  to  1.0  for  this  hole  diameter  and  p was  set  equal  to  1.0  for  the 
empty  hole  or  clearance-fit  fastener  case. 

Specimens  were  also  tested  with  0.25  and  0.375-lnch  diameter  fasteners 
and  different  levels  of  fastener  Interference,  torque  and  load  transfer  to 
empirically  estimate  a as  a function  of  hole  diameter  and  p as  a function  of 
the  fastener  characteristics. 

The  results  of  all  baseline  fatigue  tests  are  presented  In  Section  IV. 

2.5  Cumulative  Damage  Computation  of  Crack  Initiation  Times 

Consider  the  crack  Initiation  phenomenon  that  occurs  on  the  left-hand 
side  of  the  hole  In  Figure  16.  Simultaneously  the  crack  Is  growing  on  the 
right-hand  side  of  the  hole.  Imposing  a continuous  change  upon  the  stress 
severity  factor  for  the  Initiating  crack.  Therefore  the  damage  rate  at  the 
hole  changes,  and  It  Is  necessary  to  do  a linear  cumulative  damage  analysis. 

The  baseline  fatigue  data  presented  In  Section  4 provide  a relationship 
between  damage  rate  dD/dt  (equal  to  Inverse  fatigue  life,  1/N) , and  the 
stress  severity  factor.  Equations  (5)  through  (16)  give  stress  severity 
factors  as  a function  of  crack  length.  The  results  of  the  crack  growth 
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computation  for  the  right-hand  crack  in  Figure  16  provide  crack  length  as  a 
function  of  time.  Combining  these  three,  the  damage  rate  can  be  expressed 
as  a function  of  time.  Integration  then  results  in  the  required  estimate  of 
the  number  of  load  cycles  required  to  accumulate  sufficient  damage  on 
the  uncracked  side  of  the  hole  in  Figure  16  to  form  a "fracture  mechanics 
crack; " viz . , 


(17) 


o 


A crack  of  about  0.050  inch  is  assumed  to  be  a fracture  mechanics  crack 
(i.e.,  one  whose  growth  can  be  estimated  using  linear  elastic  fracture 
mechanics  methods) . The  baseline  data  that  form  a basis  for  estimating 
damage  rate  are  from  coupons  which  cracked  beyond  0.050- inch  and  failed  com- 
pletely when  the  damage  was  1.0.  Back-calculating  crack  growth  in  some  of 
these  coupons  shows  that  typically  a 0.050-inch  crack  is  formed  at  about 
85  percent  of  the  observed  specimen  failure  life.  Therefore  a 0.050- inch 
crack  is  assumed  to  be  initiated  when  = 0.85.  Thereafter  a da/dN  analysis 
is  applied  to  the  initiated  crack,  using  baseline  da/dN  data  from  Section  4 
and  stress  intensity  equations  constructed  using  the  equations  of  the  follow- 
ing section. 

3.  STRESS  INTENSITY  FACTOR  ANALYSIS 

Stress  intensity  factor  (K^)  expressions  are  available  in  References  42 
and  43  for  a large  variety  of  simple  crack  configurations,  element  geometries 
and  loading  conditions.  Estimates  of  for  complex  geometries  can  be  ob- 
tained by  combining  an  appropriate  set  of  available  simple  solutions.  Ref- 
erence 40  calls  this  type  of  approach  "compounding  from  known  solutions." 

In  this  section,  approximate  expressions  for  K^.  are  developed  for  various 
complex  crack  configurations  which  occur  in  the  structural  test  specimens,  by 
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compounding  from  known  stress  intensity  solutions.  In  this  method  each 
expression  is  constructed  using  a *' fundamental"  solution  multiplied  by  an  ap- 
propriate set  of  nondimensional  correction  factors. 


3.1  The  Fundamental  Solutions 

Three  fundamental  stress  intensity  factor  solutions  are  used  alterna- 
tively in  this  report. 

All  of  the  cases  of  interest  here  involve  cracks  emanating  from  fastener 
holes.  Thus  the  known  stress  intensity  factor  solution  for  the  crack  problem 
shown  in  Figure  18  is  the  first  fundamental  solution  to  be  used.  Tweed  and 
Rooke  (Reference  47)  have  improved  upon  the  accuracy  of  Bowie’s  original  solu- 
tion (Reference  51)  to  this  problem,  and  the  following  expression  (Ref- 
erence 9)  fits  their  numerical  results  to  within  one  percent  for  any  value 

of  a/R  ; 
o 


K. 


(1) 


= S \'TTa  F 


+ "o) 


(18a) 


where 


(‘*0  ■ 


= EXP 


1.2133 


- 2.205  + 0.6451  ( 


(18b) 


When  the  crack  is  long  and  its  tip  is  remote  from  the  edge  of  the  fastener 
hole,  as  shown  for  example  in  Figure  19  (a),  is  approximately  equal  to  the 
value  for  the  equivalent  line  crack,  Figure  19  (b) . This  means  that  the 
effect  of  the  hole  is  negligible  if  the  hole  is  not  nearby,  except  that  the 
hole  diameter  is  added  to  the  crack  length.  Thus,  the  solution  to  the  line- 
crack  problem  in  Figure  19  (b)  is  the  second  fundamental  solution  used  here. 
This  solution  is  simply 
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I 


(2) 


(19) 
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Figure  18.  Uniform  Tension  Applied  to  a Through-Thickness 
Crack  at  a Circular  Hole 


t t * t t 


(a)  Crack  Across  Fastener  Holes 


Figure  19.  Two  Approximately  Equivalent  Cases  (if  a »R  ) 

o 


55 


If  the  crack  tip  in  Figure  19  (a)  is  very  close  to  the  edge  of  the  hole 
(that  is,  if  a then  the  appropriate  fundamental  solution  is  the  short 
crack  solution  introduced  in  Section  III,  Paragraph  1.3.,  Equation  (4): 
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I 


(0) 


(20) 


Although  all  the  configurations  of  interest  in  this  research  resemble 
one  of  the  fundamental  configurations  shown  in  Figures  18  and  19,  all  are 
slightly  different.  For  example,  the  crack  from  a hole  may  be  a corner  crack 
rather  than  a through-thickness  crack;  the  finite  width  of  the  specimen  may 
have  an  influence;  the  loads  may  be  applied  at  nearby  fastener  locations 
rather  than  uniformly  at  infinity;  etc.  A set  of  multiplicative  correction 
factors  account  for  these  deviations  from  the  fundamental  cases. 

3.2  Correction  Factors  for  Adjacent  Holes  and  Edges 


3.2.1  Crack  at  or  Near  a Free  Edge.  - The  stress  intensity  factor  for  an 
edge  crack  in  a semi-infinite  plate.  Figure  20  (a),  is 

Kj  - V^^k/2)  (21) 

where  Y „ = 1.1215  (22) 

EC 

is  the  edge  crack  correction  factor  for  stress  intensity. 

Figure  20  (b)  shows  a crack  of  length  2A^  located  a distance  from  the 
edge  of  a semi-infinite  plate  loaded  in  uniform  tension.  The  stress  intensity 
factors  at  crack  tip  Q and  crack  tip  N are  different.  At  the  near  edge, 
point  N, 
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(23) 
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The  near-edge  correction  is  from  Isida's  (Reference  52)  solution  and  is 
accurately  fitted  (as  described  in  Reference  7)  as  follows: 


1 + (0.6  + 0.39x  - 0.33x^) 


(24) 


where  x = A /B  . 

o o 

At  the  crack  tip  remote  from  the  free  edge,  point  Q, 
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I 


K. 


(2) 


QE 


(25) 


The  remote  tip  factor  Y^^  was  also  derived  numerically  by  Isida  (Reference  52) 
and  is  accurately  represented  by  the  following  formula  from  Reference  7: 


Y 

QE 


(x) 


, xln(x  + 1)  x^  0.0344x^  . 0.0021x^ 

4 20(1  + X)  ^ 1 - 0.99X 


(26) 


where  x = A /B  . 

o o 

3.2.2  Crack  in  a Finite  Width  Strip.  - Figure  21  shows  a cracked  strip 
subjected  to  uniform  tension.  This  problem  has  been  solved  numerically  by 
Isida  (Reference  52) . The  finite-width  factor  at  the  tip  (R)  in  Figure  21 
can  be  approximated  by  extending  the  range  of  application  of  the  simple 
secant  formula  suggested  for  the  symmetric  crack  by  Fedderson  (Reference  53), 
as  follows: 
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Figure  20.  Cracked  Semi- Inf inite  Plate 


Figure  21.  Eccentrically  Cracked  Strip  in  Uniform  Tension 
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(27a) 


o 


A similar  approximation  can  be  used  for  the  other  tip  of  the  crack,  tip  L,  as 
follows : 


(27b) 


1 < 


< 3 


Note  that  Equations  (27a)  and  (27b)  are  identical  when  B = B . 

o o 

3.2.3  Crack  Approaching  a Hole.  - In  the  chordwise  splice  specimens  the 
crack  is  expected  to  grow  from  fastener  hole  to  fastener  hole.  Therefore 
the  stress  intensity  factor  expression  should  account  for  the  growth  of  a 
crack  toward  a hole.  Figure  22  shows  this  configuration.  The  stress  inten- 
sity factor  originally  calculated  by  Isida  (Reference  54)  is  summarized  in 

References  42  and  43.  The  correction  factor  is  defined  as  the  ratio  of 

An 

the  stress  intensity  for  the  problem  in  Figure  21  to  from  Equation  (19) . 

The  following  approximation  of  Isida* s solution  can  be  used: 
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AH  = 


/ C A 
/ o - o 

1 R + C - A 
\ o o o 
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O.IA  \-0.3 

O O / 


(28) 
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Figure  22.  Crack  Approaching  a Hole 
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3.3  Corner  Flaw  at  a Hole 


From  Reference  39  the  stress  intensity  factor  for  a nearly  quarter— circular 
corner  flaw  at  a hole  in  a plate  (Figure  23)  is  given  by  * 


K. 


(co) 


= S -Jla 


(» ) 


1.1215 


(29) 


By  definition  the  corner  flaw  correction  factor  Y times  K (from 

/ N CO  I 

Equation  (18))  equals  . Thus, 


K. 


(co) 


CO 


K. 


(1) 


= 0.7114 


(30) 


The  corner  flaw  should  be  nearly  quarter  circular  (a  and  c in  Figure  23 
approximately  equal)  for  Equation  (30)  to  apply. 


3.3.1  Transition  Criterion.  - During  the  transition  from  a corner  crack 
to  a through-thickness  crack  the  stress  intensity  factor  at  the  crack  tip 
on  the  front  face  would  be  expected  to  increase  gradually  and  continuously. 
For  small  flaws  (c<<t  in  Figure  23)  the  stress  intensity  factor  is  given 
by  Equation  (29).  For  large  flaws  (a  >>t)  the  through-thickness  formula, 
Equation  (18),  applies.  For  intermediate  crack  lengths  Reference  9 suggests 
a weighted  average.  The  weighting  factor  is  selected  based  on  engineering 
judgement,  and  the  stress  intensity  is  given  by 
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(TR) 


1 

1 + 2(c/t)^ 


2(c/t)^ 

1 + 2(c/t)^ 


(31) 


*Reference  39  actually  uses  F(  | in  place  of  F|  — ) , but 

\ a +42R  I / 

o 

Equation  (29)  was  used  here  to  simplify  succeeding  equations  such  as 
Equation  (32). 
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Thus  when  c = t and  the  crack  is  tangent  to  the  back  surface  (Figure  24)  the 
stress  intensity  according  to  Equation  (31)  is 


(l/3)Kj'^°  + (2/3)Kj^^^ 


By  definition  the  product  of  the  correction  factor  y ^ for  a transitioning 

(1)  ^^(TR) 

corner  crack  times  (from  Equation  (18))  equals  (from  Equation  (31)) 

Using  this  definition  and  substituting  from  Equation  (30)  leads  to 


K. 


(TR) 


TR 


K. 


(1) 


= 1.0  - 


0.2886 


1 + 2(c/t)' 


(32) 


3.3.2  Experimental  Verification.  - Because  Equation  (30)  deviates  slightly 
from  the  expression  given  in  Reference  39  and  Equation  (31)  is  a product  of 
engineering  judgment  rather  than  mathematics,  an  experimental  check  of  Equa- 
tion (32)  was  conducted.  Data  from  Reference  55  were  used  so  no  new  testing 
was  necessary. 

In  Reference  55,  0.005-inch  corner  cracks  were  fatigue- induced  into 

six  k^  = 3.1  coupons  (see  Figure  31,  Section  IV).  Constant  amplitude  fatigue 

crack  growth  tests  were  conducted  at  R = 0.1  and  at  either  S =22.8  ksi  or 
° max 

36.45  ksi.  The  crack  growth  rate  was  observed  as  a function  of  crack  length 
as  each  initial  corner  crack  grew  through  a transition  and  became  a through- 
thickness crack.  (A  summary  is  contained  in  Appendix  C.) 

These  specimens  were  0.188  inch  7075-T6  sheet  from  the  material  lot  used 
in  the  current  program.  Figure  43  in  Section  IV  provides  an  empirical  relation 
ship  between  the  stress  intensity  factor  and  the  crack  growth  rate  for  this 
lot  of  material  based  on  test  results  from  compact  tension  and  center-cracked 
specimens.  By  matching  the  observed  crack  growth  rate  in  the  corner-flawed 
coupon  with  a point  on  the  da/dN  curve,  experimental  values  of  apparent 
stress  intensity  were  plotted  against  crack  size  for  six  transitioning  corner 
cracks  in  the  k^  = 3.1  coupons  from  Reference . 55 . These  points  are  shown  in 
Figure  25.  Note  the  apparent  stress  level  effect.  For  a nominal  stress  of 
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Figure  23.  Corner  Flaw  at  a Hole  in  a Plate 
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KEY:  • SPECIMEN  7A-10  | 

▲ SPECIMEN  7A-4  > S^g^  = 36.5  ksi 

■ SPECIMEN  7A-14  ) 
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36.45  ksi  the  computed  peak  elastic  notch  stress  is  far  in  excess  of  material 
yield  strength.  Therefore  the  presence  of  a stress  effect  is  not  surprising. 

The  analytical  estimate  of  the  stress  intensity  for  this  specimen,  based 
on  the  fundamental  solutions  and  correction  factors  discussed  above,  would  be 


K 


I 


Y Y 
FW  ’tR 


(33) 


Substitution  into  Equation  (33)  from  Equations  (18),  (27a),  and  (32)  gives 


Kj,  = S's/rra’ 


y sec  [TT(a  + 2R 


r 0.2886  1 

J a \ 

L 1 + 2(c/t)^J 

(34) 


Fracture  surface  markings  on  spectrum  fatigue  tests  of  other  k^  = 3.1  specimens 
'^ibh  initial  corner  flaws  tested  for  Reference  55  show  clearly  that  the  crack 
remains  quarter  circular,  so  that  c = a.  See  Figure  C-5,  Appendix  C.  The 
specimen  dimensions  are  R^  = 0.125  inch,  W = 1.5  inch  and  t = 0.182  inch.  Using 
these  values  in  Equation  (34),  a theoretical  curve  of  stress  intensity  versus 
crack  size  was  calculated  and  plotted  in  Figure  25.  The  close  agreement, 
especially  for  the  lower  stress  level,  provides  strong  support  for  using  Y 
as  given  in  Equation  (32)  as  the  correction  factor  for  the  corner  crack  to 
through-thickness  crack  transition. 


3.4  Fastener  Load  Effects  on 

3.4.1  Fastener  Loads  Near  the  Crack.  - In  the  chordwise  splice  specimens 
the  loads  are  transferred  between  members  at  the  fasteners,  some  of  which 
are  near  the  crack.  Thus  a correction  factor  expression  must  be  found  for 
cases  in  which  the  load  is  applied  at  finite  points,  rather  than  uniformly 
at  infinity. 


Tada  (Reference  43)  provides  the  following  K^.  solution  for  the  right- 
hand  crack  tip  in  Figure  26: 
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In  this  equation  u is  Poisson's  ratio;  Im(  ) indicates  the  imaginary  part  of 
the  complex  argument;  is  the  complex  variable  x^  + its  complex 
conjugate;  i®  given  by 


exp 


+ ie,,. 
^ 

2 


) 


(36) 


and  ^(^j)  complex  conjugate.  The  angles  6^^  and  62 j ’ <iefined  in 

Figure  26,  are  restricted  to  values  between  0 and  2tt. 


Figure  26.  Point  Force  in  the  Cracked  Plane  of  Thickness  t 


Superposition  applies  if  there  are  point  loads  at  several  points  in  the 
plane.  Let  J denote  the  total  number  of  applied  point  loads  directed  normal 
to  the  crack.  Then  the  total  stress  intensity  is 
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(RE) 


(37) 


The  correction  factor  Y__,  which  accounts  for  the  load  being  applied  at 

Rb 

fastener  locations  rather  than  uniformly  at  infinity,  is  by  definition 
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J 

j=l 


(38) 
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RE 
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(RE) 


K. 


(2) 


(re) 

where  is  obtained  for  each  fastener  load  using  Equation  (35)  and  ^ 

is  as  given  in  Equation  (19). 


3.4.2  Fastener  Load  at  the  Crack  Origin.  - The  most  important  fastener 
load  in  the  growth  of  small  cracks  in  joints  is  the  load  transferred  by  the 
fastener  located  at  the  crack  origin. 

According  to  Reference  56  the  stress  intensity  factor  due  to  a fastener 
load  at  the  flaw  origin  is  given  by 
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The  solution  for  the  function  F 
line  in  Figure  27. 


pi 


from  Reference  56  is  plotted  as  a dashed 


An  independent  estimate  of  F^^  can  be  obtained.  Figure  28  shows  four 
related  problems;  Problem  A is  the  one  for  which  a solution  must  be  estimated. 
By  their  similarity  in  loading.  Problem  A is  related  to  Problem  B,  and  C is 
related  to  D.  By  their  similarity  in  geometry,  problem  A is  related  to  C and 
B is  related  to  D.  All  four  have  the  same  total  notch  length,  2A^.  Thus,  if 
K^(A),  Kj(B),  K^(C)  and  K^(D)  are  their  respective  stress  intensity  factors, 
then  approximately 


Kj(A)  Kj.(C) 

Kj(B)  " Kj(D) 


(40) 


The  solution  for  Kj(B)  is  well  known  (Reference  43,  page  5.4),  and  Kj(C) 
and  Kj(D)  have  already  been  presented  here  (Equations  (18)  and  (19)  respec- 
tively). Substitution  into  Equation  (40)  leads  to  the  following  approximate 

expression  for  F , : 
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Figure  27.  Stress  Intensity  Factor  for  a Crack 
at  a Loaded  Hole 


68 


PROBLEM  A 
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Figure  28.  Four  Similar  Problems.  (Unknown  Solution  to  Problem  A 
is  Estimated  from  Known  Solutions  to  the  Others.) 
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(41) 


Note  that  in  the  limit  as  a/ (a  4-  R^)  approaches  1.0,  K^(A)  and  K^(B) 
become  identical,  because  the  hole  becomes  small  and  remote  from  the  crack  tip. 
Thus  (41)  is  asymptotically  correct  as  a/ (a  + R^)  approaches  1.0. 

Equation  (41)  is  plotted  as  a solid  line  in  Figure  27.  The  solution  from 

Reference  56  appears  to  over-estimate  F . for  values  of  a/ (a  + R ) between  0.5 

pi  o 

and  1.0.  That  solution  and  Equation  (41)  agree  reasonably  well  for  low 
values  of  a/ (a  + R^)*  Equation  (41)  comes  closer  to  approaching  the  correct 
limiting  solution  of  1.1215  as  a/ (a  + R^)  approaches  zero. 

On  this  basis.  Equation  (41)  was  used  as  a basis  for  the  correction  factor 
due  to  the  fastener  force  at  the  crack  origin.  By  definition 
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Substituting  from  Equations  (17),  (39)  and  (41)  leads  to 


P 

Y = ^ 

FO  2ttA  tS 
o 

3.4.3  Correction  for  Fastener  Tilting.  - It  is  assumed  in  all  of  the 
preceding  that  all  loads  are  in-plane  tensile  loads.  Generally  in  complex 
structure,  the  fasteners  transfer  load  from  the  plane  of  one  member  to  the 
plane  of  another  member.  This  cannot  be  done  without  some  tilting  of  the 
fastener,  accompanied  by  induced  transverse  bending  stresses  in  the  members. 

When  a faying-surf ace  corner  crack  is  growing  from  a fastener  hole  and 
the  fastener  tilts,  local  transverse  bending  stresses  are  induced  which  affect 
the  crack  in  two  ways.  First,  the  crack  grows  faster  because  near  the  faying 
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surface  the  bending  stresses  add  to  the  in-plane  tensile  stresses,  raising 
the  stress  intensity  value.  Secondly,  the  crack  shape  changes  (a/c  in  Fig- 
ure 23  increases). 

Fastener  tilting  is  considered  in  the  stress  severity  factor  analysis  of 
undamaged  joints,  discussed  in  Section  III,  Paragraph  2.1,  A tilt  factor  0, 
defined  as  the  ratio  of  the  peak  induced  stress  (bending  plus  tension)  to  the 
average  tensile  stress,  is  used  as  an  amplification  factor  on  the  bearing 
stress  of  the  fastener. 

The  tilt  factor  0 can  be  used  in  a similar  manner  in  the  crack  growth 
analysis.  Thus  Equation  (A3)  for  the  correction  factor  for  the  fastener  load 
at  the  crack  origin  becomes 


(A4) 


Y 


FO 


The  flaw  shape  is  not  considered  directly  except  in  Equation  (32),  re- 
lating to  the  transition  between  a corner  crack  and  a through-thickness 
crack,  where  the  flaw  depth  c appears  explicitly.  In  the  absence  of  fastener- 
induced  bending,  fracture  surface  markings  in  spectrum  tests  of  7075-T6  sheet 
have  shown  a quarter-circular  shape  (Reference  55) ; thus  it  may  be  assumed  that 
c = a.  When  fastener  bending  is  present,  the  nominal  stresses  on  the  two  op- 
posite surfaces  differ  by  a factor  of  0 /(2  — 0).  It  is  assumed  that  the  flaw 
shape  ratio  a/c  is  inversely  proportional  to  the  square  of  the  local  stresses 
on  the  two  major  axes  of  the  flaw.  Thus,  when  the  corner  flaw  is  tangent  to  the 
back  surface  as  shown  in  Figure  24,  the  shape  ratio  can  be  approximated  as 
follows: 


(45) 


71 


4.  FASTENER  LOAD  ANALYSIS  IN  STRUCTURAL  JOINT  SPECIMENS 


The  stress  severity  factor  and  stress  intensity  factor  expressions  of  the 
preceding  sections  cannot  be  used  unless  all  the  loads  applied  to  the  cracked 
member  are  known.  The  fastener  load  at  the  flaw  origin  is  of  particular 
interest  because  it  most  strongly  affects  the  early  growth  of  the  crack. 
Regardless  of  crack  length  this  load  is  zero  in  the  stringer-reinforced 
panels,  because  the  crack  plane  is  a plane  of  symmetry.  However,  it  is  non- 
zero in  the  structural  joint  specimens,  and  can  vary  with  crack  size. 

The  following  sections  describe  in  detail  the  finite  element  analysis 
approach  used  on  the  structural  joint  specimens  to  determine  fastener  loads. 

No  firite  element  analyses  of  the  stringer-reinforced  panels  were  conducted. 

4.1  Approach 

The  distribution  of  fastener  loads  in  a damaged  joint  is  influenced  by 
the  extent  of  damage  and  by  transverse  bending  deformations  of  both  the 
fasteners  and  the  joint.  Since  the  cracking  and  the  bending  occur  in  differ- 
ent planes,  the  structural  analysis  of  such  joints  is  a three-dimensional 
problem. 

By  the  approach  employed  here,  approximate  solutions  for  the  fastener 
load  distribution  were  obtained  for  various  assumed  damage  conditions.  Two 
different  types  of  two-dimensional  finite  element  analysis  were  conducted. 

In  the  first  type  of  analysis  the  two-dimensional  model  corresponds  to 
a profile  view  of  the  joint,  where  the  stretching  and  transverse  bending  of 
the  joint  and  all  the  deformations  of  the  fasteners  can  be  viewed.  From  this 
profile  view  the  widthwise  details  of  the  specimen,  including  the  crack  length 
itself,  cannot  be  modeled. 

However,  the  two-dimensional  finite  element  model  corresponding  to  this 
view  can  be  used  to  obtain  effective  fastener  stiffnesses  for  the  second 
analysis  model.  Those  effective  stiffness  values  are  intended  to  account  for 
the  transverse  deformations  of  the  fastener  and  the  joint  itself. 

In  the  second  type  of  analysis  the  two-dimensional  model  corresponds  to 
a top  view  of  the  joint.  From  this  view  the  (through-the-thickness)  crack  is 
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visible  and  all  of  the  fasteners  can  be  modeled  separately.  Each  fastener  is 
assigned  an  effective  stiffness  value  as  obtained  from  the  first  analysis. 

The  crack  length  is  selected  and  the  fastener  loads  are  calculated. 

The  profile  model  analyses  were  conducted  using  the  "2-D  Analysis  Pro- 
gram" in  conjunction  with  existing  test  data  from  Reference  57  on  fastener 
stiffness.  The  top  view  model  analyses  were  conducted  using  the  NASTRAN 
system. 

^.2  Computation  of  Effective  Fastener  Stiffness 

A typical  2-D  profile  model  of  the  double  lap  shear  joint  specimen  is 
shown  in  Figure  29.  In  this  type  of  model  the  axial,  shear  and  bending  stiff- 
nesses of  the  splice  plates  and  fasteners  are  represented  by  two  axial  elements 
tied  together  by  a shear  panel.  The  axial  elements  are  separated  in  order  to 
obtain  the  correct  plate  bending  stiffness.  The  fastener  head  is  represented 
by  a beam  element  which  transmits  only  bending  forces  to  the  plate  (i.e., 
axial  stiffness  is  approximately  zero).  The  plate-fastener  interface  which 
accounts  for  the  local  deformation  at  the  fastener  hole  is  represented  by 
axial  elements  connecting  the  plate  to  the  fastener.  Based  on  results  from 
Reference  57  this  interface  stiffness  for  steel  fasteners  and  aluminum  plates 
is  taken  to  be  approximately  4.6  x 10^  Ib/in/in.  This  value  is  used  for  the 
analyses  of  all  the  structural  joint  test  specimens,  since  their  fastener 
spacing  (4D)  and  edge  distances  (2D)  are  all  similar. 

Let  n^  be  the  number  of  axial  elements  of  length  2^  at  the  plate- 
fastener  interface.  If  t and  E are  the  thickness  and  Young's  modulus  of  the 
plate,  then  the  area  of  each  axial  element  at  the  interface  is  calculated  as 
follows : 


4.6  X 10^  tf 

Element  area  = — — (46) 

e 

The  values  of  the  effective  stiffnesses  of  the  fasteners,  used  later  in 
constructing  finite  element  models  of  a joint,  are  calculated  using  the 
deflections  and  the  transferred  load  at  each  fastener  location.  When  the 
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Figure  29.  Profile  Model  of  the  Double  Lap  Shear  Joint  Specimen 


double  lap  joint  specimen  is  subjected  to  an  applied  load  of  P pounds,  an 
average  deflection  of  A inches  is  calculated  at  the  location  shown  in  Fig- 
ure  30  and  the  load  transferred  is  pounds.  Hence  the  effective  fastener 
stiffness  is  pounds  per  inch. 

4.3  Computation  of  Fastener  Loads  Using  NASTRAN 


4.3.1  Modeling  Techniques.  - For  the  NASTRAN  models,  two  techniques  of 
simulating  the  fastener  and  its  interaction  with  the  fastened  plates  are 
considered.  A simple  model  of  linear  spring  connections  is  used  to  simulate 
fasteners  remote  from  the  crack  path.  For  the  fastener  hole  with  initial 
damage  and  the  fastener  hole  where  the  first  crack  arrestment  occurs,  a more 
detailed  finite  element  model  is  used.  The  more  detailed  model  (Figure  30) 
is  needed  for  a better  simulation  of  the  loss  of  bearing  stiffness  due  to 
the  existence  of  a crack. 

There  are  two  basic  reasons  for  introducing  the  cutout.  First  the  proper 
load  bypass  condition  around  the  fastener  hole  is  simulated.  Secondly,  the 
loss  of  bearing  stiffness  of  the  fastener  system  due  to  cracking  is  accounted 
for  without  artificially  reducing  the  fastener  stiffness  value  originally 
calculated  for  the  undamaged  joint.  As  the  figure  shows,  a more  detailed 
finite  element  grid  is  used  to  model  the  region  adjacent  to  the  fastener.  A 
square  cutout  one  fastener  diameter  wide  is  used  to  simulate  the  fastener  hole 

The  connection  point  between  fastened  members  is  through  an  axial  spring 
element  connecting  the  grid  point  A in  one  member  to  A’  in  the  adjacent  member 
The  point  A is  then  rigidly  connected  to  points  B,  C,  and  D located  on  the 
compressive  side  of  the  fastener.  The  total  stiffness  of  the  spring  element 
is  greater  than  the  stiffness  of  elements  used  to  simulate  remote  fasteners. 
This  increase  is  necessary  to  compensate  for  the  decrease  in  local  stiffness 
due  to  the  square  hole.  The  amount  of  increase  in  stiffness  depends  on  the 
specimen  configuration,  and  some  trial  runs  are  required.  The  final  value  of 
the  spring  stiffness  is  selected  to  provide  approximately  equal  fastener  loads 
for  all  fasteners  across  the  width  of  the  undamaged  chordwise  joint.  The 
NASTRAN  models  were  constructed  utilizing  elements  available  in  the  Lockheed- 
California  Company  version  of  NASTRAN.  These  elements  are  linear  springs, 
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Figure  30,  Details  of  Fastener  System  Model  with  a Square  Cut-Out 
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rod  elements,  triangular  elements,  and  Lockheed’s  membrane  elements.  Only 
two-dimensional  models  are  considered.  Bending  effects,  when  considered 
significant  for  a particular  fastener,  are  taken  into  account  by  reducing  the 
fastener  stiffness  value  used  in  the  spring  element  connecting  A and  A’  in 
Figure  30.  In  this  way  the  redistribution  of  in-plane  load  for  each  individual 
element  of  the  joint  is  included  in  an  average  sense. 

The  simulation  of  crack  growth  is  accomplished  in  the  following  manner. 
Double  nodes  are  assigned  to  grid  point  locations  along  the  crack  path.  Con- 
straints are  imposed  initially  for  the  two  nodes  within  a pair  to  have  the 
same  displacements.  Subsequent  models  simulating  longer  cracks  are  generated 
simply  by  releasing  these  constraints  in  progression. 
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SECTION  IV 


BASELINE  TEST  RESULTS 


Baseline  material  tests  were  performed  on  each  product  form  to  be  used 
in  the  test  program,  to  verify  material  acceptance  and  to  provide  reference 
data  for  use  in  the  crack  growth  predictions.  These  baseline  tests  included 
tensile  tests,  fatigue  crack  initiation  tests,  fatigue  crack  propagation 
tests,  and  fracture  or  R-curve  tests. 

Additional  baseline  tests  were  conducted  to  verify  the  key  fabrication 
and  testing  procedures  used  for  the  complex  structure  specimens.  Including 

• Tests  to  develop  and  verify  the  marking  cycle  procedure  used  to 
mark  the  fracture  surfaces. 

• Tests  to  measure  flaw  size  and  shape  to  verify  the  procedure  used 
to  initiate  the  0.050-lnch  quarter-circular  fatigue  cracks  in  the 
complex  structure  specimen;  See  Section  VI,  Paragraph  1. 

In  addition  to  data  obtained  in  this  program,  applicable  data  are  avail- 
able from  Reference  55.  An  extensive  test  program  reported  in  Reference  55 
and  summarized  in  Appendix  C verifies  that  0.020-inch  razor- induced  flaws  can 
be  used  to  simulate  0.005-inch  fatigue- induced  cracks  in  7075-T6  Aluminum. 

Razor  flaws  were  induced  into  some  of  the  structural  test  specimens  in  the 
manner  described  in  Appendix  C. 

1.  TENSILE  TESTS 

Thirty'-six  tensile  tests  have  been  conducted  to  measure  tensile  yield 
strength,  tensile  ultimate  strength,  and  percent  elongation  for  the  six 
different  thicknesses  and  product  forms  tested  in  the  program.  Three  specimens 
each  were  tested  in  both  the  longitudinal  and  transverse  grain  directions. 

The  average  measured  tensile  properties  are  summarized  in  Table  7. 
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TABLE  7 . AVERAGES  OF  MEASURED  TENSILE  PROPERTIES 


Product  Form 

, ksi 

^ty 

, ksi 

% Elong. 

Long. 

Trans . 

Long. 

Trans . 

Long. 

Trans. 

0.188  sheet 

85.2 

87.2 

78.6 

76.5 

14.2 

13.2 

0.094  sheet 

83.6 

85.3 

77.4 

74.3 

12.8 

12.8 

0.25  plate 

83.2 

84.1 

78.0 

72.9 

13.0 

12.8 

0.375  plate 

84.3 

85.6 

78.8 

74.9 

13.8 

11.5 

0.25  angle  extr. 

89.2 

80.2 

80.8 

72.4 

11.7 

12.3 

0.188  tee  extr. 

88.0 

80.6 

80.6 

71.9 

10.5 

13.3 

2.  FATIGUE  CRACK  INITIATION  TESTS 


Fatigue  crack  initiation  tests  were  conducted  to  provide  data  for 
estimation  of  reinitiation  periods  for  cracks  arrested  at  fastener  holes 
in  the  complex  structure  test  specimens.  Constant  amplitude  cycling  at  a 
stress  range  ratio  of  0.1  was  used  in  all  tests.  The  following  three  groups 
of  tests  were  conducted. 

• Coupon  tests  of  the  0.188-inch  sheet  material  at  different  stress 
levels  to  develop  an  S-N  curve. 

• Coupon  tests  of  the  0.094-inch  sheet,  0.375-inch  plate,  0.188-inch 
tee  extrusion,  and  0.25-inch  angle  extrusion  to  measure  the  corre- 
sponding changes  in  fatigue  strength  from  that  of  the  0.188-inch 
sheet. 

• Fastener  fatigue  tests  of  clearance  and  interference-fit  steel 
Hi-Lok  fasteners  to  empirically  estimate  the  constants  a and  (3  in 
the  stress  severity  factor  expression.  Equation  (5). 

Results  from  25  coupon  fatigue  tests  are  summarized  in  Table  8.  Five  of 
these  specimens  (specimens  7B-X)  were  tested  as  part  of  a separate  research 
program  (Reference  55).  Results  from  13  fastener  fatigue  tests  are  summarized 
in  Table  9.  Six  of  these  specimens  were  tested  under  the  program  reported 
in  Reference  55.  The  specimen  geometries  are  shown  in  Figures  31  through  3^. 
Material  for  all  0.188- inch  thick  specimens  (including  specimens  from 
Reference  55)  was  from  one  lot  of  material. 


79 


TABLE  8,  COUPON  FATIGUE  TEST  RESULTS 
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TABLE  9.  SUMMARY  OF  FASTENER  FATIGUE  DATA 
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Figure  31.  = 3.1  Coupon 


b = 0.1875  inch  (THICKNESS) 
W = 5.0  inch 
a = 2.425  inch 
Rq  = 0.125  inch 
= 65.4 


Figure  32.  Modified  CT  Specimen 
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Figure  33.  High  Load  Transfer  Specimen 
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2.1  The  S-N  Curve  for  the  3/16  Inch  Sheet 


Data  from  the  first  13  fatigue  coupon  tests  listed  in  Table  8 were  used 
to  generate  a curve  of  maximum  stress  versus  cycles  to  failure  for  the 
0.188- inch  sheet  material  used  in  the  program.  Notched  specimens  with 
0.25  inch  diameter  holes  were  subjected  to  constant  amplitude  cycling  at  a 
stress  ratio  of  0.1.  The  data  cover  the  low  cycle  fatigue  range,  less  than 
65,000  cycles  to  failure. 

The  elastic  notch  stress  listed  in  Table  8 is  used  as  a measure  of  the 

stress  severity  at  the  fatigue  origin.  In  all  but  two  specimens  this  number 

exceeds  the  material  yield  strength  of  78.6  ksi;  therefore  it  is  not  equal  to 

the  true  notch  stress.  However,  it  follows  from  Neuber’s  Rule  (Reference  58) 

that  the  true  notch  stress  and  strain  magnitudes  are  determined  by  k S 

t max 

Note  that  the  highest  value  of  k S fatigue  tested  was  176.3  ksi.  If 

t max 

the  k^  = 3.1  fatigue  coupon  (Figure  31)  had  been  used  for  that  test,  the  speci- 
men would  nearly  have  undergone  net  section  yielding  because  of  its  small  size. 
Yielding  was  limited  to  the  notch  tip  vicinity  (small-scale  yielding)  by 
using  the  modified  W=5  compact  tension  specimen  shown  in  Figure  32  for  testing 
at  the  highest  notch  stress  levels.  The  following  formula,  from  Reference  59, 
expresses  k^  in  terms  of  stress  intensity  factor  for  "blunt  cracks": 


K, 


k S = 
t 


V^Ro 


(A7) 


If  S=P/Wb,  then  k^  for  the  modified  compact  specimen  is  65.4,  according  to 
Equation  (47) . 

It  is  assumed  (Reference  60)  that  the  magnitude  of  true  strain  in  the 

notch-tip  neighborhood  determined  the  low-cycle  fatigue  life.  It  was  noted 

in  Section  III,  Paragraph  1.,  that  for  small-scale  yielding  the  peak  elastic 

stress  at  the  notch  root  (k^S)  and  the  notch  radius  determine  the  true  strains 

in  the  notch-tip  neighborhood.  As  discussed  in  Section  III,  Paragraph  1.3,  it 

should  follow  that  the  fatigue  life,  plotted  against  the  elasticity  parameter 

k^S  , should  form  a single  curve  for  the  two  coupon  configurations  tested, 
t max 


85 


Figure  35  shows  the  fatigue  data  from  the  13  coupon  tests  with  the 
3/16-inch  sheet  material.  A linear  relationship  was  hypothesized  between  the 
logarithm  of  fatigue  life  and  the  logarithm  of  peak  elastic  notch  stress. 

The  assumed  relationship  can  be  written  as 


N 


= c 

o 


( 


aSk.  S 
^ t max 

100  ksi 


) 


(48) 


where  a 1 open,  0.25-inch  diameter  hole. 

The  solid  line  in  Figure  35  is  a plot  of  Equation  (48)  using  the  follow- 
ing values  of  the  constants  c and  c- : 

^ o 1 


c = 14,100  cycles  to  failure 

o 

It  is  clear  in  the  Figure  that  this  provides  an  excellent  data  fit  over  the 
full  range  tested.  Life  estimates  using  Equation  (48)  are  listed  in 
Table  8 for  each  of  the  0.188-inch  sheet  coupons  tested. 

2. 2 Material  Comparisons 

Data  from  the  last  15  coupons  listed  in  Table  8 were  used  to  compare 
fatigue  lives  at  a common  stress  level  for  the  heats  of  sheet,  plate  and 
extrusion  material  to  be  used  in  the  complex  structure  specimens.  The  pur- 
pose of  these  tests  was  to  expose  and  measure  any  major  differences  in 
material  fatigue  strength.  There  were  three  replications  of  each  test. 

The  results  of  this  comparison  are  clearly  shown  in  the  bar  chart. 
Figure  36,  where  the  following  can  be  observed: 

• The  scatter  among  replicate  specimens  is  extremely  low. 

• The  geometric  mean  test  lives  for  the  0.188-inch  sheet,  0.188-inch 
tee  extrusion,  and  0.25-inch  angle  extrusion  are  within  9 percent 
of  one-another. 

• There  is  an  apparent  thickness  effect  in  the  sheet  and  plate 
materials . 
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Figure  35.  S-N  Curve  for  3/16  Inch  7075-T6  Aluminum  Sheet, 
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Figure  36.  Comparison  of  Fatigue  Lives  for  Various  Thicknesses  and  Product  Forms 


It  was  assumed  that  the  logarithmically  plotted  S-N  curves  for  all 

five  material  product  forms  are  parallel,  with  a slope  c^  equal  to  -4.3  as 

measured  for  the  0.188- inch  sheet.  For  the  tee  and  angle  extrusions,  the 

coefficient  c in  Equation  (48)  retains  about  the  same  value  as  for  the 
o 

0.188-inch  sheet.  Thus  the  following  values  of  c^  will  be  used: 

• For  the  0.188  sheet  and  the  tee  and  angle  extrusion 

c = 14,100  cycles  to  failure 
o 

• For  the  0.094  inch  sheet 

c = 19,380  cycles  to  failure 
o 

• For  the  0.375  inch  plate, 

c = 9440  cycles  to  failure 
o 

Life  estimates  obtained  using  Equation  (48)  with  the  appropriate  values  of 

c are  given  in  Table  8 for  all  coupons  tested, 
o 

2 . 3 Fatigue  Tests  of  Fastener  Specimens 

There  were  two  fundamentally  different  fastening  methods  used  in  the 
structural  tests.  Clearance-fit  steel  Hi-lok  fasteners  with  very  low  torque 
were  used  at  all  initial  flaw  locations  of  all  specimens,  and  at  unflawed  holes 
of  many  of  the  specimens.  Alternatively,  standard  fastening  methods  were  used. 
Those  standard  fasteners  were  interference-fit,  f ully-torqued  Hi-loks , except 
for  the  aluminum  rivets  used  in  the  tee-reinforced  continuous-skin  specimens. 

The  fastener  fatigue  tests  summarized  in  Table  9 were  conducted  to 
examine  the  fatigue  properties  of  these  two  fastening  methods.  The  0.188-inch 
7075-T6  Aluminum  sheet  was  used  exclusively.  The  hole  diameters  and  fastener 
diameters  were  measured  to  within  ±0.0002  inch,  so  that  the  amount  of 
clearance  or  interference  was  known. 

Three  different  specimen  geometries,  covering  three  different  levels  of 
load  transfer,  were  tested  using  clearance-fit  fasteners  with  near-zero 
clamp-up.  With  this  fastening  method  the  fastener  loads  in  the  reversed 
dogbone  specimen  (Figure  34(b))  are  estimated  to  be  zero.  The  reason  for 
this  is  simple:  When  loaded,  the  stiffness  mismatch  between  the  two  reversed 
dogbone  pieces  comprising  this  specimen  gives  rise  to  a mismatch  in  the 
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displacement  of  the  fastener  hole  centerlines;  however,  with  clearance  fit 
fasteners  the  fastener  hole  clearance  exceeds  the  mismatch  and  there  is  no 
load  transfer  through  the  fasteners. 

The  one  and  one-half  dogbone  specimen  (Figure  3^(c))  is  made  by  cutting 
one  end  off  a reversed  dogbone  piece  (piece  shown  in  Figure  3^(a))  and  using 
one  fastener  to  attach  it  to  an  uncut  piece.  Assuming  a fastener  stiffness 
of  280,000  pounds  per  inch  it  is  estimated  that  21.5  percent  of  the  load  is 
carried  across  the  fastener. 

A slotted  single  lap  shear  joint  (Figure  33)  simulates  a crack  arrested 
between  two  fasteners.  A fastener  loads  computation  led  to  fastener  loads 
of  17.6  percent  of  the  total  load  for  each  of  the  two  fasteners  adjacent  to 
the  slot.  This  value  was  used  in  establishing  the  stress  severity  factor 
for  this  specimen. 

Two  specimen  geometries  covering  two  levels  of  fastener  load  transfer 
were  tested  using  interference-fit  fasteners  with  full  clamp-up  torque.  In 
the  one  and  one-half  dogbone  specimen  the  interference  and  clamp-up  increased 
the  life  by  a factor  of  six  compared  to  the  clearance-fit,  near-zero  clamp-up 
case  tested  at  the  same  stress  level.  The  lower  (zero)  level  of  load  transfer 
was  investigated  using  interference-fit  fasteners  installed  in  the  holes  of 
two  = 3.1  specimens  (Figure  31).  Since  these  specimens  were  not  narrowed 
at  the  test  section  they  failed  in  the  grips.  The  lives  exceeded,  by  factors 
of  3.3  and  5,  the  life  of  the  open-hole  k^  = 3.1  specimen  tested  at  the  same 
stress  level.  Furthermore,  no  cracking  was  visible  at  the  hole  when  the  grips 
finally  failed.  This  confirmed  that  substantial  life  extension  is  obtained 
due  to  the  interference-fit,  full  clamp-up  fastener. 

The  fatigue  lives  of  all  fastener-fatigue  specimens  were  correlated  in 
terms  of  the  stress  severity  factor  (k)  using  the  following  equation. 


N = 


(A9) 
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The  stress  severity  factor  \ in  Equation  (49)  replaces  Q'pk^  in 

Equation  (48),  and  the  product  XS  may  be  regarded  as  an  effective  value  of 

max 

the  peak  elastic  notch  stress  for  a fastener  hole,  as  discussed  in  Section  III, 
Paragraph  2, 

Life  estimates  for  all  the  fastener-fatigue  specimens  obtained  using 
Equation  (49)  are  listed  in  Table  9.  The  stress  severity  factors,  also  listed 
in  Table  9,  were  calculated  for  these  specimens  using  Equation  (5),  Section  III, 
Paragraph  2.  Values  of  q and  p in  Equation  (5)  were  selected  from  the  fastener 
fatigue  data  themselves  such  that  the  test  lives  would  be  closely  estimated 
by  Equation  (49) . 

The  selection  of  a and  p values  was  carried  out  as  follows.  The  assump- 
tion was  made  a priori  that  the  fastener  quality  index  p is  1.0  for  both 
empty  holes  and  clearance-fit  fasteners  with  near-zero  clamp-up  torque. 

Then,  to  assure  that  Equation  (49)  is  applicable  to  all  the  fatigue  coupon 
data  summarized  in  Table  8,  the  hole  quality  index  a must  be  1.0  for 
0.25-inch  diameter  drilled  holes.  With  a and  p both  equal  to  1.0,  \ is 
simply  equal  to  k^  for  these  coupons.  Thirdly,  a good  fit  of  the  fatigue 
data  for  the  three  types  of  fastener  fatigue  specimens  with  0.375-inch 
diameter  clearance-fit  fastener  is  obtained  when  an  O'  value  of  1.06  is  used 
for  0.375  inch  diameter  drilled  holes.  Finally,  the  geometric  mean  test 
life  for  the  one  and  one-half  dogbone  specimens  with  interference  fit 
fasteners  is  fitted  exactly  using  a p value  of  0.635.  This  completes  the 
determination  of  the  constants  a and  p. 

Note  that,  for  the  k^  = 3.1  coupons  with  interference-fit  0.25-inch 
diameter  fasteners,  the  predictions  obtained  using  the  designated  a and  P 
values  (1.00  and  0.635,  respectively)  are  consistent  with  the  test  results: 

The  predicted  life  (107,900  cycles)  in  the  test  section  exceeds  the  observed 
lives  (50,470  cycles  and  80,620  cycles)  in  the  grip  areas. 

3.  FATIGUE  CRACK  PROPAGATION  TESTS 

Fatigue  crack  propagation  specimens  were  tested  to  failure  to  provide 
baseline  data  for  estimating  stable  crack  growth  rates  and  final  crack 
instability  for  the  complex  structure  test  specimens.  The  baseline  fatigue 
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crack  growth  tests  are  summarized  in  Table  10.  Either  compact  tension 
specimens  (specimen  numbers  ending  with  "-CT**)  or  center-cracked  panels 
(specimen  numbers  ending  with  ”-CCT*')  were  tested.  Both  specimen  types  were 
used  in  testing  the  0.188-inch  sheet.  For  the  0.188 -inch  sheet  and  the 
0.188  inch  tee  extrusion,  both  grain  directions  were  tested.  A stress 
range  ratio  of  0.1  was  used  exclusively. 

Figures  37  and  38  show  the  plotted  crack  growth  rate  data  for  the 

0.188-inch  sheet.  Note  in  Figure  37  that  all  the  data  for  the  longitudinal 

grain  direction  follow  the  same  crack  growth  rate  curve,  although  specimen 

geometries,  stress  levels,  and  cyclic  frequencies  (0.5  to  20  Hz)  were  varied. 

A curve  consisting  of  a series  of  straight-line  segments  of  K versus  log 

max  ® 

(da/dN)  is  fitted  to  the  data  and  shown  as  a solid  line.  The  same  line  is 
shown  as  a dashed  line  in  Figure  38.  The  solid  line  in  Figure  38  consists 
of  straight  line  segments  which  fit  the  transverse-gain-direction  data.  Note 
that  for  stress  intensity  values  below  k^^^  = 20  ksi  yinch  there  appears  to 
be  no  effect  of  grain  direction.  Above  this  value,  the  crack  growth  rate  is 
faster  in  the  transverse  grain  direction. 

Figure  39  shows  the  plotted  crack  growth  rate  data  for  the  0.375-inch 
plate  material.  The  solid  line  is  the  fit  of  the  data  for  the  0.188-inch 
sheet;  clearly  it  is  applicable  to  the  0.375-lnch  plate  as  well. 

Figure  40  shows  the  plotted  crack  growth  rate  data  for  the  0.094-inch 
sheet  material.  The  curve  that  fits  the  0.188-inch  sheet  data  (dashed  line) 
overestimates  crack  growth  rates  for  the  0.094-inch  sheet  at  high  stress 
intensity  values.  An  improved  fit  is  shown  as  a solid  line. 

Figure  41  shows  the  crack  growth  data  for  the  0.188-inch  tee  extrusion. 
The  crack  growth  rate  appears  to  be  independent  of  grain  direction.  For  low 
stress  intensity  values  these  data  agree  closely  with  the  crack  growth  rate 
curve  (dashed  line)  for  the  0.188-inch  sheet.  However  at  stress  intensity 
values  above  about  20  ksi  \l  inch  the  crack  grows  faster  in  this  extrusion  then 
in  the  sheet.  Perhaps  the  explanation  for  the  faster  rate  of  growth  is 
somehow  related  to  specimen  size,  since  CT  specimens  with  W = 1.5  inch  were 
used  to  test  the  extrusions  whereas  larger  specimens  were  used  to  test  the 
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TABLE  10.  SUMMARY  OF  BASELINE  FATIGUE  CRACK  GROWTH  TESTS 
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Figure  37.  Fatigue  Crack  Growth  Data,  0.188  Inch  7075-T6  Aluminum  Sheet, 
Longitudinal  Grain  Direction,  R = 0.1 
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Figure  38.  Fatigue  Crack  Growth  Data,  0.188  Inch  7075-T6  Aluminum  Sheet, 
Transverse  Grain  Direction,  R = 0.1 
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Figure  39.  Fatigue  Crack  Growth  Data,  0.375  Inch  7075-T6  Aluminum  Plate, 
Longitudinal  Grain  Direction,  R = 0.1 
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Figure  40.  Fatigue  Crack  Growth  Data,  0.094  Inch  7075'‘T6  Aluminum  Sheet, 
Longitudinal  Grain  Direction,  R = 0.1 
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Figure  41.  Fatigue  Crack  Growth  Data,  0.188  Inch  7075-T651  Aluminum  Tee 
Extrusion,  Two  Grain  Directions,  R = 0.1 
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sheet  material.  However,  it  is  assumed  that  the  faster  crack  growth  rate  in 
the  extrustion  is  a real  effect. 

Figure  42  shows  the  crack  growth  data  for  the  0.25-“inch  angle  extrusion. 
These  data  agree  well  with  the  data  for  the  0.188-inch  sheet  (dashed  line). 

Segmented  straight  line  plots  of  versus  log  (da/dN) , taken  from 

Figure  37  through  42,  are  summarized  in  Figure  43.  This  Figure  was  used  in 
the  crack  growth  predictions. 

4.  FRACTURE  TESTS 

Four  R-curve  tests  were  conducted  using  12-inch  wide  center-cracked 
tension  panels.  Two  0.188-inch  specimens  and  one  specimen  each  of  the 
0.094-inch  sheet  and  0.375-inch  plate  were  tested. 

Fracture  toughness  tests  were  attempted  on  three  W=1.5  inch  CT  specimens. 
These  included  one  angle  extrusion  specimen  (longitudinal  grain  direction) 
and  two  tee  extrusion  specimens  (both  grain  directions).  As  anticipated,  none 
of  these  three  specimens  meet  the  validity  criterion  of  ASTM. 

4 . 1 R-Curve  Test  Procedure 

Basic  fracture  behavior  was  evaluated  for  the  7075-T6  0.094-,  0.188-, 
and  0.375-inch  thick  sheet  and  plate  materials  used  in  the  study  by  developing 
a crack  growth  resistance  curve  (R-curve)  for  each  using  center-cracked 
tension  specimens  12  inches  wide  by  36  inches  long. 

In  the  past,  measurement  of  material  R-curves  was  made  using  the 
physically-measured  crack  length.  More  recently  the  use  of  compliance  or 
crack-opening-displacement  (COD)  methods  have  become  common.  This  method 
employs  a plot  of  the  crack  surface  displacement  vs  load,  the  slope  of  which 
can  be  correlated  to  the  effective  crack  size  by  use  of  a calibration  curve. 
This  method  is  shown  schematically  in  Figure  44.  The  crack  length  determined 
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Figure  42.  Fatigue  Crack  Growth  Data,  0.25  Inch  7075-T651  Aluminum  Angle 
Extrusion,  Longitudinal  Grain  Direction,  R = 0.1 
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Figure  43.  Summary  of  Fatigue  Crack  Growth  Data,  7075-T6  Aluminum,  R = 0.1 
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MEASURE  C,  COMPUTE  a,  ANALYZE 


from  the  compliance  method  is  the  length  of  a known  through-the-thickness 
crack  in  a calibration  specimen  of  equal  compliance.  The  calibration  curve 
may  be  based  on  theory  only,  or  on  data  from  a similar  panel  containing 
either  a saw  cut  slot  or  a fatigue  crack  induced  at  a low  cyclic  stress 
(small  crack  tip  plastic  zone). 

Each  specimen  was  precracked  from  a machined  slot  0.5-inch  long  by 

fatigue  cycling  in  laboratory  air  at  a stress  ratio  of  R = 0.1  in  a 200-kip 

MTS  electrohydraulic  test  machine.  Maximum  loads  were  selected  such  that  the 

final  precrack  maximum  stress  intensity,  K , was  less  than  or  equal  to 

max 

15  ksi  N^inch  to  assure  a sharp,  flat  crack  front.  Final  total  crack  length, 
2c,  was  4.0  inches  for  all  tests,  i.e.,  c/W  = 0.17. 

Panel  buckling  can  be  a major  problem  in  R-curve  testing  of  center-crack 
tension  (CCT)  panels.  Previous  work  (References  61,  62)  has  shown  that  the 
use  of  angle  braces  located  parallel  to  and  0.5-inch  above  and  below  the 
crack  path  provides  an  effective  constraint  against  buckling.  Crack-opening- 
displacement  (COD)  was  measured  using  a model  632.01  clip  gage  with  a gage 
length  of  0.20  inch  between  knife  edges.  Note  that  this  gage  differs  from 
the  hole  gage  in  Reference  63  which  fits  into  a hole  at  the  crack  center. 
However,  comparison  of  the  two  gage  types  in  Reference  61  has  shown  the 
hole  gage  to  be  mechanically  unstable  in  the  hole,  thus  increasing  the  possi- 
bility of  errors  in  the  COD  output.  The  clip  gage  attachment  is  mechanically 
stable  and  provides  excellent  reproducibility.  Using  this  configuration,  it 
has  been  shown  in  References  61  and  62  that  reproducible  compliance  calibra- 
tion data  are  obtained  for  a range  of  aluminum  alloys  which  correspond  to  the 
Irwin-Westergaard  theoretical  solution  (Reference  64)  when  modified  with  the 
Ef tis-Liebowitz  width  correction  (Reference  65).  The  resulting  expression  is 
then 


1+H 


2Y 

W 


(50) 
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where 


B = thickness 
E = Young’s  modulus 

COD  = crack  opening  displacement 
a = c = half  crack  length 
W = specimen  width 

Y = distance  from  crack  plane  to  COD  measurement  point 
[1  = Poisson  ratio 

It  should  be  noted  that  while  this  equation  differs  from  the  basic 
Irwin-Westergaard  equation  used  in  the  ASTM  Proposed  Recommended  Practice  for 
R-curve  Determination  (Reference  63),  the  width  corrected  form  is  now  being 
incorporated  into  the  recommended  practice  and  has  been  verified  by  both 
experimental  and  theoretical  work  as  discussed  in  References  61  and  66. 

With  this  exception,  all  other  test  procedures  corresponded  to  those  in 
Reference  63. 

All  tests  were  conducted  in  laboratory  air  using  the  200-kip  MTS  test 
machine.  A typical  test  setup  is  shown  in  Figure  45.  Load  and  COD  were 
continuously  monitored  throughout  the  test  by  recording  the  load  cell  and 
clip  gage  outputs  on  a Mosely  x-y  recorder  to  provide  visual  real-time 
monitoring.  In  addition  the  load  and  COD  were  monitored  by  the  Rye-Canyon 
Control  Data  computer.  Periodically  each  specimen  was  partially  unloaded 
and  reloaded  as  a check  to  verify  that  no  buckling  was  occurring  as  per  the 
recommendations  in  Reference  64.  No  significant  buckling  was  observed  for 
any  specimen. 

4.2  Test  Results 

The  load  vs  COD  data  from  each  test  were  reduced  using  Equation  (50)  to 
compute  the  effective  crack  length  at  selected  values  of  load  or  COD.  The 
corresponding  stress  intensity  was  then  computed  using  Equation  (27a) . The 
resulting  R-curves  are  presented  in  Figure  46. 


104 


Figure  45.  Typical  R-Curve  Test  Set-Up 
5.  MARKING  CYCLE  TESTS 

Three  = 3.1  coupons  (Figure  31)  were  preflawed  with  a 0.020  inch 
razor  cut  on  one  edge  of  the  hole  and  tested  to  attempt  to  develop  a proce- 
dure for  marking  the  fracture  surface.  In  the  third  of  these  coupons  the 
fracture  surface  was  successfully  marked.  The  procedure  for  marking  was  to 
change  the  stress  ratio  from  the  operating  value  of  0.1  to  0.82  while  holding 
the  same  maximum  stress  and  cycling  at  0.82  until  about  0.008  inches  of  crack 
growth  could  be  seen  on  the  specimen  surface. 

Since  the  structural  tests  involve  cracks  hidden  in  the  faying  surface, 
two  additional  tests  were  conducted  on  the  one  and  one— half  dogbone  specimen 
(Figure  33).  A 0.050- inch  fatigue  crack  was  Induced  in  the  faying  surface 
at  the  corner  of  the  fastener  hole,  and  an  attempt  was  made  to  mark  the 
surface  by  the  procedure  developed  in  the  coupon  tests.  To  do  so,  an 
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Figure  46.  R-Curves  for  7075-T6  Sheet  Material 
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estimate  had  to  be  made  of  the  number  of  marking  cycles  necessary  to  produce 
about  0.008  inches  of  growth.  Only  one  or  two  markings  were  visible  on  the 
fracture  surface  of  the  first  specimen.  Changes  were  made  in  the  number  of 
marking  cycles  used,  and  consequently  five  of  the  six  marks  were  visible  on 
the  fracture  surface  of  the  second  specimen.  The  marks  were  not  clear  enough 
to  be  photographed,  but  they  did  show  unmistakeably  the  developing  shape  of 
the  crack. 

6.  PREDICTED  AND  ACTUAL  BASELINE  SPECTRUM  DATA 

Baseline  spectrum  fatigue  and  crack  growth  tests  were  conducted  using 
the  80-flight  loading  sequence  shown  in  Figure  8,  Section  II.  Two  CT  specimens 
were  fatigue  crack  growth  tested  and  four  modified  CT  specimens  were  fatigue 
crack  initiation  tested.  The  test  results  are  plotted  as  open  symbols  in 
Figures  47  and  48,  respectively.  The  X-symbols  in  these  two  figures  denote 
earlier  data  for  this  same  spectrum  loading  sequence,  obtained  on  a different 
batch  of  0. 188- inch-thick  7075-T6  sheet  material.  These  earlier  data  were 
obtained  on  6-inch-wide  center-hole  specimens,  and  are  reported  in  Reference  55. 
In  plotting  these  earlier  data,  a neat-fit  aluminum  pin  in  the  center  hole 
was  assumed  not  to  affect  the  k^  or  stress  intensity  factor. 

Predictions  were  made  by  using  the  baseline  constant-amplitude  data 
and  first  assuming  no  load- interaction  effects;  then  assuming  a modified 
Willenborg-type  retardation  model.  Because  of  the  short  periodicity  of  the 
loading  sequence,  the  estimated  size  of  the  overload-affected  zone  increases 
linearly  with  the  square  of  reference  stress  intensity  As  a conse- 

quence, for  each  stress  cycle  in  the  spectrum,  the  corresponding  values  of 
the  Willenborg  effective  peak  stresses  S^^^(max)  and  S^^^(min)  are  the  same 
throughout  the  life  and  are  closely  approximated  by 


S --(max)  = MAX  lO,  2S 

erf  '■  1 


max 


(51a) 


S --(min)  = MAX  [R  S --(max),  S - S_  .] 

eff  '•  c eff  max  Ref^ 


(51b) 
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da/dF^  microinches/fIt. 


Figure  47.  Baseline  Spectrum  Crack  Growth  Rates 
for  80-Flight  Loading  Sequence 
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Figure  48.  Baseline  Spectrum  Crack  Initiation  Lives 
for  80-Flight  Loading  Sequence 


R in  Equation  (51b)  is  the  cutoff  value  of  S --(min)/S  --(max),  the 
c eti  err 

effective  stress  ratio.  Compressive  stressing  beyond  R is  assumed  not  to 

c 

affect  crack  growth.  The  value  R^  = 0 is  used  in  the  standard  Willenborg 

model.  However,  Reference  67  shows  that  constant-amplitude  compression- 

tension  data  for  7075-T6  aluminum  correlates  if  R = -0.12  is  used.  If  the 

c 

retardation  model  is  to  be  correct  for  the  limiting  case  of  constant-amplitude 
loading,  R^  = -0.12  should  be  used  in  Equation  (51b). 

The  spectrum  computations  require  that  the  baseline  constant-amplitude 

data,  all  obtained  at  R = 0.1,  be  generalized  for  all  range  ratios.  To 

accomplish  this.  Walker  (Reference  68)  uses  the  single  parameter  AS  where 

err 

= S ..(max)  [l  - S ..(min)/S  ..(max)]"'  (52) 

err  eri  err  err 

For  aluminum,  m = 0.5.  Data  have  shown  that  equal  values  of  cause 

equal  constant-amplitude  crack  growth  rates  regardless  of  stress  ratio. 

All  three  spectrum  crack  growth  rate  predictions  shown  in  Figure  47  use 
the  da/dN  curve  for  the  3/16-inch-thick  sheet  material  given  in  Figure  43, 
extrapolated  to  a threshold  stress  intensity  point  of  = 2.11  ksi  vinch, 

da/dN  = 0.05  microinch  per  cycle.  Stress  ratio  effects  are  handled  by  use  of 
Equation  (52). 

Prediction  Number  1 in  Figure  47  is  obtained  by  assuming  no  retardation 
effects.  The  effective  maximum  and  minimum  stresses  in  Equation  (52)  are 
set  equal  to  the  actual  applied  stresses  for  all  cycles  in  the  spectrum. 
Predictions  2 and  3 in  Figure  47  are  obtained  by  assuming  retardation  effects 
and  employing  Equations  (51)  to  compute  the  effective  maximum  and  minimum 
stresses,  using  R^  = -0.12  and  0,  respectively. 

Since  Equations  (51)  and  (52)  deal  strictly  with  stresses  and  contain 
no  crack  length  parameter,  it  is  possible  to  use  these  equations  in  the 
estimation  of  crack  initiation  lives  due  to  spectrum  loading.  The  computation 
method  is  identical  to  Miner ^s  Rule.  The  baseline  constant-amplitude  curve 
used  in  the  computation  is  tabulated  in  Table  11.  Recall  that  the  baseline 
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TABLE  11.  BASELINE  CONSTANT  AMPLITUDE,  R = 0.1,  S-N  CURVE 
USED  IN  COMPUTING  SPECTRUM  FATIGUE  ESTIMATES 


k s 

t max 

for  R = 0.1 
(ksi) 

k AS 
t erf 

(ksi) 

Crack  Initiation 

Life,  N 
(Cycles) 

Source  of  Data 

48. 3 

45.8 

10^ 

Reference  69 

53.8 

51.1 

10^ 

Reference  69 

70.0 

66. 4 

65360 

Equation  (49) 

180 

170.8 

1126 

Equation  (49) 

— 

475.0 

1 

Table  9 

Use  linear  interpolation  of  log  (k^  ^^eff)  (N) 

points.  Assume  infinite  life  for  kt  < 45.8. 

for  intermediate 

constant-amplitude,  R = 0.1  data  are  fitted  closely  over  a broad  range  by 
Equation  (49)  with  C^  = 14,100  cycles.  By  using  other  data  from  Reference  69 
and  employing  Equation  (52),  the  fatigue  curve  is  extended  to  cover  the  full 
range  of  life  and  R ratio. 

The  computation  of  crack  initiation  time  was  done  both  without 

retardation  (assuming  that  the  effective  maximum  and  minimum  stresses  are 

equal  to  their  actual  applied  values),  which  is  Miner’s  Rule,  and  with 

retardation  (using  Equations  (51)  with  R = -0.12).  The  results  are 

c 

plotted  in  Figure  48. 

This  is  probably  the  first  time  that  the  Willenborg  retardation  model 
has  been  applied  to  predict  spectrum  fatigue  crack  initiation.  No  theoretical 
basis  for  using  it  is  offered  here,  except  that  it  has  been  empirically 
observed  that  the  occurrence  of  an  overload  will  delay  crack  initiation, 
just  as  it  will  slow  the  growth  of  a crack.  Comparison  in  Figure  48  between 
the  crack  initiation  data  on  Specimens  MCT-1  through  MCT-4  and  the  corre- 
sponding retardation  prediction  is  interesting. 
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SECTION  V 


CRACK  GROWTH  PREDICTIONS 


The  analytical  approach  and  equations  presented  in  Section  III  and  the 
baseline  data  presented  in  Section  IV  were  used  to  obtain  crack  growth  predic- 
tions for  the  54  Phase  I structural  tests  described  in  Section  II.  Volume  II 
of  this  report  contains  a specimen-by-specimen  summary  of  the  actual  predic- 
tions and  the  corresponding  test  results.  The  specific  formulation  of  these 
predictions  is  presented  in  this  section.  All  of  these  formulations  preceded 
the  corresponding  test  results. 

1.  DOUBLE  LAP  JOINT  SPECIMENS 


1.1  Modeling  for  the  Double  Lap  Shear  Joint  Specimen 

A typical  NASTRAN  finite  element  model  of  the  double  lap  shear  joint 
specimen  is  shown  in  Figure  49.  The  basic  model  is  constructed  specifically 
for  the  thicker  specimens  shown  in  Figure  2 of  Section  II.  However,  the 
results  obtained  using  the  basic  model  can  be  applied  to  the  geometrically 
similar  but  thinner  specimens,  Figure  3. 

Recall  that  in  some  of  these  specimens  there  was  an  initial  crack  in  only 
one  doubler  plate,  while  in  other  specimens  all  three  members  were  precracked. 
Thus  two  basically  different  cracking  sequences  were  expected.  In  the  former 
case,  the  cracking  was  limited  to  the  one  doubler  plate  until  late  in  the  test. 
In  the  other  case,  cracking  occurred  at  approximately  equal  rates  in  both 
doubler  plates. 

Correspondingly,  two  different  series  of  finite  element  analyses  were 
needed,  one  with  the  assumed  crack  in  one  doubler  only  and  the  other  with 
equal  cracks  in  both  doublers.  Since  the  stresses  in  the  crack  plane  were 
lower  in  the  central  skin  member,  its  crack  growth  rate  was  assumed  to  be 


112 


MEMBRANE  ELEMENTS 


113 


negligible,  and  was  assumed  to  remain  intact  throughout  the  crack  growth  life. 
The  analysis  was  repeated  for  different  crack  sizes.  The  number  of  analyses 
was  selected  to  provide  sufficient  information  on  the  redistribution  of 
fastener  loads  to  conduct  the  crack  growth  analysis.  Some  interpolations  and 
extrapolations  of  results  were  necessary  to  complete  the  calculated  data  base 
for  various  damage  conditions.  A summary  of  the  finite  element  models  analyzed 
is  presented  in  Table  12. 

The  fastener  load  distribution  is  presented  in  Figure  50  for  the  un- 
damaged condition  and  one  damage  condition.  The  fastener  loads  are 
presented  in  normalized  form,  P/P  , where  P is  the  average  fastener 
load.  The  damage  condition  is  the  case  of  one  doubler  damaged  with  crack 
length  a = 3R^  (half  the  first  ligament  between  fastener  holes  cracked). 

This  particular  damage  condition  is  selected  for  presentation  to  show  the 
fastener  load  redistribution  as  a result  of  the  assumed  damage.  Fastener 
load  distributions  for  all  the  damage  conditions  shown  in  Table  12  were 
obtained  in  similar  form. 

Compare  the  individual  fastener  loads  calculated  for  the  damaged  case  to 
the  corresponding  fastener  loads  for  the  undamaged  case.  The  damage  has  very 
little  effect  on  the  magnitude  of  the  remote  fastener  loads.  Furthermore  the 
remote  fastener  loads  have  a relatively  small  effect  on  the  stress  intensity 
factor.  due  to  a point  force  is,  approximately,  inversely  proportional  to 

the  distance  from  the  crack  tip  to  the  point  of  application  of  the  load. 

Thus  attention  is  focused  on  the  fastener  loads  along  the  crack  itself,  in 
the  crack  path,  and  immediately  above  and  below  the  crack.  Table  13  sum- 
marizes these  computed  fastener  load  values  for  cracking  across  the  first 
ligament . 

The  most  important  load  is  the  load  in  the  crack-origin  fastener. 

Fastener  3 in  Row  2.  Let  a^^  be  the  length  of  the  longer  crack  (growing 
from  Hole  3 toward  Hole  4) , and  let  be  the  length  of  the  shorter  crack 

(growing  from  Hole  3 toward  Hole  2).  Using  the  finite  element  results,  the 
load  at  Fastener  3 of  Row  2 can  be  approximated  as  follows: 
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TABLE  12.  DAMAGE  CASES  ANALYZED  FOR  DOUBLE  LAP  JOINT  SPECIMEN 

DESCRIPTION  CROSS  SECTIONAL  VIEW  OF  DAMAGE 


Undamaged  Case 


One  Doubler  Cracked; 

a = 3R 

o 

a = 4.5  R 

o 

1 broken  ligament 
1.5  broken  ligaments 

2 broken  ligaments 

3 broken  ligaments 


Two  Doublers  Cracked; 

a = 1.5R 

o 

a = 4.5R 

o 

1.5  broken  ligaments 

2 broken  ligaments 

3 broken  ligaments 
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Figure  50,  Typical  Distribution  of  Normalized  Fastener  Loads  for  the 
Double  Lap  Joint  Specimen 
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TABLE  13.  CALCULATED  FASTENER  LOADS  IN  DOUBLE  LAP  JOINT 


(Values  shown  are 
normalized  fastener 
forces  in  cracked 
doubler  for  crack  of 
length  "a**): 


ave 


Ro 

p 

p 

13 

14 

"23 

"24 

_"33 

"34. 

RADIUS 


ONE  DOUBLER  CRACKED 


a/R 

o 

/P 

ave 

a/R 

o 

^3 

/P 

ave 

"0.95 

0.95  " 

“0.95 

0.95 

0 

0.994 

0.994 

0 

0.994 

0.994 

.0.955 

0.955. 

.0.955 

0.955 

"0.91 

0.945* 

"0.961 

0.965 

3 

0 .88 

1.000 

1.5 

0.950 

1.000 

.0.92 

0.945- 

.0.956 

0.970 

“0.87 

0.92“ 

“0.91 

0.945' 

4.5 

0.85 

1.00 

4.5 

0.89 

1.00 

.0.89 

0.91. 

.0.93 

0.955 

"0.876 

0.876' 

“0.90 

0.90“ 

6.0 

0.768 

0.768 

6.0 

0.85 

0.85 

_0.88U 

0.880. 

.0.93 

0.93_ 

TWO  DOUBLERS  CRACKED 
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In  the  cracked  doubler  when  the  other  doubler  is  uncracked, 


P 3.  3 

— = (0.994  0.035)  (1  - 0.09)  (53) 

P R K 

ave  o o 

When  both  doublers  are  cracked, 

P a a 

„ — = (0.994  - 0.24)(1  - 0.07)  (54) 

P R K 

ave  o o 


1 . 2 Stress  Intensities  for  the  Double  Lap  Shear  Joint  Specimens 

The  formulas  in  Section  III  can  be  combined  to  provide  expressions  for 
the  anticipated  cracks  in  the  double  lap  shear  joint  specimens.  The  following 
summarizes  these  combined  expressions,  which  are  used  for  the  crack  growth 
predictions . 

(F) 

In  all  cases  the  stress  intensity  is  formed  as  the  sum  of  , the 

stress  intensity  due  to  the  fastener  load  at  the  hole  (or  holes)  from  which 

(R) 

the  crack  is  emanating,  plus  , the  stress  intensity  due  to  all  other 

fastener  loads: 


K 


I 


(55) 


1.2,1  Crack  in  the  First  Ligament.  - For  much  of  the  estimated  crack  growth 
life  the  initial  crack  grows  across  the  first  ligament  independent  of  other 
cracks  . Therefore  the  greatest  attention  was  given  to  this  configuration 
(Figure  51(a)) . 

The  load  in  fastener  3 of  row  2 is  approximated  by  Equation  (53)  for 

crack  growth  only  in  the  top  doubler  and  in  Equation  (54)  for  crack  growth  in 

both  doublers.  This  is  the  load  magnitude  P in  Equation  (44)  for  \ for 

^ (F) 

this  crack  configuration.  The  expression  for  is  constructed  using 
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Figure  51.  Anticipated  Crack  Configuration  in  Row  2 
of  the  Double  Lap  Joint  Specimens 
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Equation  (18)  for  the  fundamental  stress  intensity  solution  and  Equations  (27), 
(32),  (44),  and  (28)  for  the  correction  factors.  Then 


Y Y Y 

FW  TR  FO 


Y 

AH 


(56) 


where,  from  Equation  (45),  the  crack  depth  c as  used  in  the  expression  for 
Y is  given  approximately  by 

i K 


c . (^)  a (5 

All  other  dimensions  are  as  defined  in  Figure  51(a).  Equation  (37)  was 

(R  ) 

used  along  with  output  from  the  loads  analyses  to  compute  due  to  the 

remote  fastener  loads  for  various  crack  lengths.  From  this,  approximate 

expressions  for  Y (Equation  (38))  were  obtained  by  curve-fitting  the  com- 
RE 

puted  points  . When  only  the  top  doubler  is  cracked, 


Y 


RE 


= 0.661  - 0.0184  -A  + 0.00407 

R 

O 


(58) 


When  both  doublers  have  equal  cracks, 


Y 


RE 


0.661 


0.661  + 0.0348 


(59) 


(r) 

The  expression  for  is  then  constructed  using  Equation  (18)  for  the 

fundamental  stress  intensity  solution  and  Equations  (27),  (32),  (28a)  and 
either  (58)  or  (59)  for  the  correction  factors.  Then 


Y Y 
^FW  TR 


Y Y 
AH  RE 


(60) 
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where  c = a is  assumed  in  the  expression  for  Y (effects  of  transverse 
bending  caused  by  remote  loads  are  ignored) . The  other  dimensions  needed  for 
Equation  (60)  are  as  defined  in  Figure  51(a). 

The  continuing  damage  flaws  occur  at  different  holes  but  are  otherwise 
similar  to  the  initial  0.050-inch  flaw.  During  the  time  that  all  flaws  grow 
independently,  the  minor  differences  are  ignored  and  the  continuing  damage 
flaws  are  analyzed  using  the  identical  expressions  that  are  used  for  the 
main  flaw,  as  given  above. 

1.2.2  Double  Unsymmetric  Cracking  at  the  Precracked  Hole.  - The  first  new 
crack  to  initiate  is  expected  to  occur  on  the  opposite  side  of  the  precracked 
fastener  hole.  In  general  this  leads  to  the  crack  configuration  shown  in 
Figure  51(b).  For  this  configuration  two  stress  intensity  factors  are 
needed,  K^d)  and  K^(R),  for  the  left  and  right-hand  crack  tips  in  Figure  51(b). 

The  expressions  for  Kj  (L)  and  (R)  are  constructed  using  Equation  (19) 

for  the  fundamental  stress  intensity  solution  and  Equations  (27),  (44)*  and 
(28)  for  the  correction  factors.  Thus 


Y Y Y 
FW  FO  AH 


(61) 


In  computing  ' for  the  two  crack  tips  it  was  not  considered  necessary 
to  recompute  the  remote  fastener  force  correction  factor  Instead  it  was 

assumed  as  an  approximation  that  Y for  each  crack  tip  is  independent  of  the 
length  of  the  crack  on  the  opposite  side  of  the  hole.  Equations  (58)  and  (59) 
are  thereby  applicable,  using  a«,  or  a^«  in  place  of  a.  The  expressions  for 
are  then  constructed  using  Equation  (19)  as  the  fundamental  stress 
intensity  solution  and  Equations  (27) , (28)  and  either  (58)  or  (59)  for  the 
correction  factors.  Then 


Y V V 
FW  AH  RE 


(62) 


^Equation  (44)  applies  to  a double  crack  using  a - a3^  for  the  longer  crack 
and  a = shorter  crack. 
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The  crack  growth  rate  curve  for  0.188  inch  sheet,  laboratory  air 
environment,  and  R = 0.1  is  given  in  Figure  43  of  Section  IV.  The  crack  growth 
calculation  method  utilized  follows  that  diagrammed  in  Figure  8. 

Crack  initiation  times  require  expressions  for  the  stress  severity  factors. 
Equation  (5)  is  the  pertinent  expression.  It  involves  knowledge  of  the  stress 
concentration  factor  k^  and  of  the  fastener  loads.  The  fastener  loads  change 
as  the  crack  progresses,  but  these  changes  are  small  and  inconsequential  except 
at  holes  adjoined  to  the  crack. 

Using  the  computed  fastener  loads  and  linear  interpolation,  the  effects 
of  local  load  transfer  on  the  stress  severity  factor  can  be  estimated.  The 
remote  loading  is  assumed  to  be  uniform.  The  is  obtained  as  a function  of 

crack  size  by  combining  Equations  (11),  (13)  and  (16).  k^^  is  found  from 

Equation  (10).  The  factor  6 comes  from  Table  7 or  a finite  element  analysis, 
whereas  a and  p as  obtained  from  the  baseline  data  are  given  in  Table  7. 

2.  SINGLE  LAP  JOINT  SPECIMENS 

Essentially  the  same  prediction  approach,  formulas  and  baseline  data  that 
applied  to  the  double  lap  joint  specimens  also  apply  to  the  single  lap  joint 
specimens.  These  specimens  and  the  initial  damage  conditions  are  shown  in 
Figures  4 and  6 in  Section  II. 

Finite  element  modeling  was  again  used  to  generate  fastener  loads  for  a 
sequence  of  anticipated  crack  configurations.  In  selecting  these  damage  con- 
ditions it  was  assumed  that  the  doubler  crack  would  not  grow.  The  computed 
normalized  fastener  loads  are  presented  in  Table  14. 

The  stress  intensity  factor  formulas  are  as  given  in  Equations  (56),  (60), 
and  (61)  or  (62).  The  correction  factors  and  Y^^  and  the  tilt  factor  6 had 

to  be  established  for  the  single  lap  shear  joint  specimen.  A tilt  factor  of 
e = 1.1  was  computed  using  the  profile  view  finite  element  model.  Equation  (37) 
was  used  to  compute  , which  takes  account  of  fastener  loads  in  Row  2 of 

the  skin  as  well  as  the  uniform  remote  skin  load.  Computed  values  of 

for  both  the  left  and  right-hand  crack  tips  are  plotted  in 
Figure  52  and  fitted  with  the  linear  expression 

\ = 0.756  - 0.0053  A /R  (63) 

RE  o o 
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TABLE  14.  COMPUTED  FASTENER  LOADS  (P/P  ) IN  SKIN,  SINGLE  LAP  JOINT 
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(Load  at  precracked  hole  shown  in  parentheses) 


Figure  52.  Remote  Load  Factor  for  K for  Single  Lap  Joint  Specimen 
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The  only  fastener  loads  in  Row  1 that  influence  the  stress  intensity  are 
those  at  holes  intersected  by  the  crack.  These  may  be  accounted  for  in  the 
term  Y . Using  Equation  (44)  of  Section  III  in  conjunction  with  the  computed 

r 0 

loads  for  the  sequence  of  damage  conditions  of  Table  14,  the  solution  for'YpQ 
for  the  single  lap  joint  takes  the  form 


where  A and  R are  as  defined  in  Figure  53,  "a"  is  the  crack  length  measured 
o o 

from  the  edge  of  the  nearest  hole,  and  is  the  following  linear  fit  of  the 
computed  values  shown  in  Figure  53 t 

4>  =2. 3-0. 38  A before  the  first  ligament  breaks  (65a) 

FO  o 

4>  = 2.0  + 0.4  A after  the  first  ligament  breaks  (65b) 

F 0 o 

The  modified  stress  severity  factor  approach  described  in  the  preceding  section 
is  used  to  computed  reinitiation  times  for  arrested  cracks.  All  the  equations 
in  Section  V,  Paragraph  1 apply  without  change,  using  the  correct  dimensions 
for  the  single  lap  joint  specimen  and  the  computed  loads  given  in  Table  14. 

3.  Tee-Reinforced  Continuous  Skin  Specimens 

The  tee-reinforced  continuous  skin  specimen  consisted  of  a 0.188-inch 
thick  tee  extrusion  fastened  at  its  base  with  a double  row  of  0.25-inch  diame- 
ter aluminum  rivets  to  an  18— inch  wide,  0.188-inch  thick  panel.  Cyclic  loads 
were  applied  parallel  to  the  stringer  axis. 

The  crack  growth  prediction  procedure  follows  that  of  Section  V, 

Paragraph  1.  The  crack  growth  rate  curves  for  the  sheet  and  tee  are  given 
in  Figure  43  of  Section  IV. 

If  transverse  bending  effects  are  ignored,  the  stress  intensity  solutions 
for  cracks  in  the  sheet  are  simpler  than  the  K solutions  for  joints.  For  the 
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Figure  53.  Stress  Intensity  Correction  Factor 

for  Fastener  Loads  on  the  Crack  Line 

joints,  the  fasteners  in  the  crack  line  transferred  significant  loads;  and  the 
stress  intensity  factor  had  two  components,  one  due  to  the  fastener  loads  along 
the  crack  line  and  one  due  to  the  remote  loads.  For  the  sheet-stringer  speci- 
mens, the  fasteners  in  the  path  of  the  crack  are  on  the  line  of  symmetry  and 
do  not  transfer  y-direction  loads.  Hence  only  the  remote-load  terms  are 
applicable. 
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The  same  symmetry  argument  applies  to  the  tee  in  these  specimens.  How- 
ever, the  fact  that  the  tee  is  nonplanar  complicates  the  stress  intensity 
analysis.  Also,  the  base  of  the  tee  is  only  2.625  inches  wide  and  the  height 
of  the  flange  is  only  2.25  inches,  so  there  are  important  free  edge  effects 
on  stress  intensity  and  a tendency  for  the  tee  to  eventually  fail  by  net 
section  yielding,  without  regard  to  the  K value. 

The  analysis  of  tee-reinforced  specimens  was  conducted  only  up  to  the  time 
when  the  secondary  cracks  initiated.  In  the  tests,  the  time  thereafter  until 
failure  was  expected  to  be  relatively  short,  so  the  effect  of  this  omission 
would  be  minimal.  However,  in  18  of  the  26  tests  the  remaining  life  after  the 
first  secondary  initiation  exceeded  10  percent  of  the  total  test  life.  There- 
fore, the  subsequent  analysis  of  edge-stringer  specimens  included  the  growth 
period  of  secondary  cracks. 

3.1  Stress  Intensity  Factors  for  the  Skin 

Before  any  crack  reinitiation  and  before  any  significant  growth  of  con- 
tinuing damage  flaws,  the  only  growing  skin  crack  is  the  primary  initial  flaw. 
This  flaw  begins  as  a corner  flaw  at  a fastener  hole,  becomes  a through- 
thickness crack,  and  grows  toward  its  neighboring  fastener  hole  or  toward  the 
free  edge  of  the  sheet.  Load-shedding  between  the  sheet  and  stringer  may 
occur  as  the  crack  grows.  Equation  (60)  is  directly  applicable  and  complete 
for  for  this  case. 

Similarly  for  double  unsymmetric  cracking.  Equation  (62)  is  used.  This 
same  equation  also  applies  when  the  crack  intersects  both  fastener  holes,  and 
is  equal  to  unity. 

3. 2 Stress  Intensity  Factor  in  the  Tee  Stringer 

Analysis  of  the  tee  stringer  is  complicated  by  the  thickness  change  at 
the  vertical  flange,  the  simultaneous  growth  in  both  the  base  and  the  vertical 
flange,  and  the  strong  finite-width  effects. 
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For  the  outside  crack  shown  in  Figure  54  the  following  is  used: 


K 


I 


y y y 

TR  RE  NE 


(66) 


Equations  (18),  (32)  and  (24)  from  Section  III,  Paragraph  3 define  \ 

1 TR 

%£■ 

No  finite  element  analyses  were  conducted  for  any  of  the  stringer- 

reinforced  specimens  to  compute  the  fastener  forces  that  are  induced  as  crack 

growth  alters  the  relative  flexibilities  of  the  skin  and  the  stringer.  It 

was  assumed  for  the  predictions  that  this  "load  shedding"  was  zero.  Thus, 

Y =1.0  was  used  in  Equation  (66). 

RE 

For  the  inside  crack  shown  in  Figure  54  the  following  is  used: 
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(67) 


The  width  used  in  Y^^  is  the  width  of  the  base  of  the  tee.  The  stiffener- 
flange  effect  Ygp  was  estimated  using  an  available  solution  by  Isida  (Ref- 
erences 54,  43)  and  the  following  approximate  method  based  on  engineering 
judgment  of  reducing  K when  the  crack  grows  from  a thin  to  a thicker  section: 


Figure  54.  Inside  Cracks  and  Outside  Cracks  in  the  Stringer 
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The  strain  energy  release  rate  'Sf  for  any  crack  is 


^ ^_aw  ^ aw 

dk  Uda 


(68) 


2 

where  II  is  the  length  of  the  crack  front.  Since is  proportional  to  K , the 
stress  intensity  should  be  inversely  proportional  to  the  square  root  of  H, 
Hence  it  is  assumed 


= v/A/(2A^f)  (69) 

where  A is  the  total  fracture  surface  area  and  is  crack  length. 

It  was  assumed  that  the  crack  front  shape  for  the  inside  tee  crack  would 
develop  as  depicted  in  the  sketch  in  Figure  55.  The  shape  was  assumed  to  be 
approximately  quarter-circular  at  the  locations  marked  (1)  and  (2)  in  the 
figure.  In  both  cases  the  center  of  this  circle  is  the  point  on  the  base  of 
the  tee  aligned  with  the  near  edge  of  the  vertical  flange  of  the  tee.  The 
circle  radii  are  0.188  for  crack  (1)  and  0.312  for  crack  (2). 

Using  equation  (69)  the  estimated  values  of  Y are 

SF 

for  Crack  (1),  y = 0.78 

or 

for  Crack  (2),  y = 0.65 

or 

The  corresponding  crack  lengths  as  measured  from  the  edge  of  the  origin  hole 
along  the  base  of  the  tee  are  a = 0.625  inch  and  a = 0.75  inch. 

These  points  are  plotted  in  Figure  55.  A curve  that  asymptotically 

approaches  Isida’s  results  for  a crack  in  a plate  t thick  approaching  a 

section  2t  thick  (Reference  54)  is  fitted  through  those  two  computed  points 

Equation  (69)  is  assumed  to  continue  to  apply  after  the  crack  breaks  through 

the  vertical  flange.  Assuming  equal  growth  rates  in  the  base  and  vertical 

flange  (in  accord  with  Poe’s  recommendation  in  Reference  26a),  the  plot  of 

crack  size  versus  Y was  completed.  Failure  of  the  tee  was  assumed  when 

br 

the  net  section  stress  equals  the  yield  stress  (80.6  ksi)  or  when  the  crack 
reaches  both  holes  and  has  broken  the  vertical  flange  of  the  tee. 
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CRACK  SIZE,  a,  inch 


Figure  55.  Estimate  of  Correction  Factor  for  Effect  of  Tee-Stringer 

Flange  on  Crack  in  Stringer  Base 
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3,3  Crack  Reinitiation 


Initiation  times  of  secondary  cracks  during  the  growth  of  primary  cracks 
were  predicted  from  a linear  cumulative  damage  analysis  as  described  in 
Section  III,  Paragraph  2.5,  using  the  results  of  the  crack  growth  prediction  and 
expressions  for  stress  severity  factor  X . In  all  the  stringer-reinforced  specimens 
the  crack  plane  is  a plane  of  symmetry  so  the  fastener  loads  in  that  plane  are 
zero  and 


X = opk 


tg 


(70) 


The  fastener  hole  diameter  was  0.250  inch,  so  o = 1 was  used.  The 
fasteners  were  either  clearance-fit  steel  Hi-loks , for  which  p = 1,  or 
aluminum  rivets.  No  baseline  tests  were  done  to  estimate  p factors  for  rivets; 
however,  standard  practice  is  to  assume  P=  1 for  rivets.  Thus  X=  for 
fastener  holes  in  the  crack  plane  in  these  tee-reinforced  continuous-skin 
specimens. 

Equations  (11),  (13),  (24),  (22),  and  (16)  from  Section  III,  Paragraph  2 are 
appropriate  for  expressing  k^^  in  terms  of  2A^,  which  is  the  full  *'cut  length*' 
including  the  crack  plus  the  fastener  hole.  The  specific  cases  are  as  follows: 

• For  the  initiating  outside  tee  crack  during  growth  of  the  inside  tee 
crack. 


I.  = Y Y 
‘^tg  0-0  NE 


(71) 


• For  the  initiating  inside  tee  crack  during  growth  of  the  outside  tee 
crack  toward  the  free  edge, 


Y Y 
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(72) 


• For  the  same  initiating  crack  after  the  outside  tee  crack  reaches 
the  free  edge  (forming  an  edge  notch  of  depth 


k 
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(73) 
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For  an  initiating  skin  crack,  either  inside  or  outside, 
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tg 
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o FW  RW 


(74) 


4.  TEE- REINFORCED  SPLIT-SKIN  SPECIMENS 

The  tee-reinforced  split-skin  specimen  (type  4.8-3-X)  is  shown  in 
Figure  B-1  of  Appendix  B.  By  its  similarity  to  the  continuous-skin  specimen 
(type  4.8-1-X),  it  presents  no  significantly  new  prediction  problems. 

The  fasteners  for  this  specimen  are  0.3125-inch  steel  Hi-loks.  Thus, 
from  Table  7 in  Section  III,  the  constant  a in  Equation  (70)  is  1.03,  and 
P = 1.0  for  clearance-fit  untorqued  fasteners  and  0.635  for  interference-fit 
fully  torqued  fasteners. 

The  larger  hole  diameter  in  the  split-skin  specimens  causes  an  8 percent 
higher  initial  stress  intensity  factor  in  the  split-skin  specimen  than  in  the 
continuous-skin  specimens.  The  percent  difference  diminishes  as  the  crack 
grows.  In  predicting  crack  growth  in  the  tee  stringer  this  small  difference 
was  neglected.  Furthermore,  load  shedding  effects  were  neglected  in  both 
specimen  types.  Therefore,  the  crack  growth  predictions  in  the  tee  for  both 
specimen  types  were  identical. 

New  predictions  were  required  for  the  skin  because  of  the  free-edge 
effect  at  the  split.  These  stress  intensity  factors  are 

• For  the  inside  skin  crack. 
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• For  the  outside  skin  crack. 
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Equation  (71)  was  used  to  compute  the  stress  concentration  factor  for  the 
initiating  inside  skin  crack  during  growth  of  the  outside  skin  crack.  Equa- 
tions (72)  and  (73)  were  used  to  compute  k for  the  initiating  outside  skin 
crack  during  growth  and  after  arrest  of  the  inside  skin  crack. 

5.  EDGE-STRINGER  SPECIMENS 

This  section  describes  the  prediction  of  crack  growth  for  the  12  edge 
stringer  specimens.  The  configuration  of  these  specimens  is  shown  in  Fig- 
ure B-2  of  Appendix  B.  The  10  different  initial  damage  conditions  are  shown 
in  Table  3 in  Section  II. 

The  fasteners  in  the  path  of  the  crack  are  on  the  line  of  symmetry  and 
do  not  transfer  y-direction  loads.  Transverse  bending  effects  and  effects  of 
load  shedding  from  cracked  to  less-cracked  members  were  assumed  to  be 
negligible. 

The  prediction  for  each  structural  element  of  a specimen  consisted  of  a 
crack  growth  prediction  of  the  growth  of  the  initial  crack  across  the  first 
ligament  (to  the  neighboring  fastener  hole  or  free  edge)  and  the  initiation 
times  and  growths  of  secondary  cracks.  The  crack  growth  rate  curve  for  the 
0.187-inch  sheet  and  0.250-inch  angle  extrusion  is  given  in  Figure  43  in 
Section  IV.  Continuing  damage  flaws  were  regarded  as  0.005- inch  cracks.  The 
computed  failure  time  of  the  element  with  the  shortest  life  was  assumed  to  be 
equal  to  the  failure  time  of  the  entire  specimen. 

The  initiation  times  were  computed  using  K [Equation  (70)]  in  place  of 
k^  in  Equation  (48),  Section  IV.  For  0.312-inch  diameter  holes  o = 1.03;  for 
clearance-fit  untorqued  fasteners  p=  1.0;  and  for  interference-fit  fully- 
torqued  fasteners  P=  0.635. 

The  main  effort  in  the  crack  growth  computation  is  the  selection  of 
formulas  for  stress  intensity  factors,  K,  and  stress  concentration  factors,  k^. 
These  formulas  are  summarized  in  the  following  subsections. 
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5. 1 Initial  Outside  Crack  in  the  Angle  Stringer 


Figure  56(A)  shows  the  general  cracked  condition  of  the  angle  for  the 
crack  that  begins  as  an  outside  corner  crack,  = 0.050  inch.  For  the  actual 
specimen,  the  fixed  dimensions  defined  in  Figure  56  are  as  follows: 

L = 0.81  inch  R = 0.156  inch 

o 

W = 5.0  inches  =18.0  inches 

= 0.63  inch  = 1.81  inches 

t = 0.250  inch  t^^^  = 0.182  inch 

As  shown  schematically  in  the  figure,  the  angle  is  considered  to  be 
equivalent  to  a plane  strip  of  width  equal  to  the  total  length  of  its  two 
flanges  (hence,  W = 5.0  inches). 

When  a = 0,  the  stress  intensity  for  the  left-hand  crack  tip  can  be 
R 

approximated  by 
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I 


y y 

TR  FW 


(77) 


Here  is  defined  in  Equation  (18)  in  Section  III  with  a - a^^. 

obtained  from  Equation  (32)  with  c = a^^.  Equation  (27)  defines  Using 

Equations  (11),  (13)  and  (16),  the  stress  concentration  factor  k^^  at  the 
origin  point  of  a^  is  given  by  Equation  (74) . 

When  a = 0 the  stress  intensity  for  the  left-hand  crack  tip  is  given  by 
R 

Equation  (75)  , and  the  stress  concentration  factor  at  the  origin  point  of  a^ 

is  given  by  Equation  (72)  , where  Equations  (24)  and  (26)  are  used  for 

and  with  B = B . 

QE  o L 

After  a^  initiates,  the  stress  intensity  for  the  left-hand  crack  tip  is 
given  by 
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Figure  56.  Dimensions  for  Outside  Cracks,  Edge  Stringer  Specimens 
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(2) 

where  K is  from  Equation  (19).  Using  Equation  (28)  for  V , the  stress 

-L  An. 

intensity  for  the  right-hand  crack  tip  is 


h • ''f  ’ "fw 


(79) 


When  the  crack  is  arrested  at  the  second  fastener  hole  and  then  reiniti- 
ates, the  stress  intensity  for  the  left-hand  crack  tip  is  still  as  given  in 
Equation  (78),  where  2A^  is  the  total  cut  length,  including  the  holes.  During 
reinitiation  the  stress  concentration  factor  is  again  as  given  by  Equation  (74). 
After  reinitiation  the  stress  intensity  for  the  right-hand  crack  tip  is 
given  by  Equation  (78). 

When  by  analysis  the  crack  breaks  through  to  either  free  edge,  the 
initially-outside-cracked  angle  is  considered  to  have  failed. 

5 . 2 Initial  Outside  Crack  in  Skin 

Figure  56(B)  shows  the  general  cracked  condition  of  the  skin  for  the 

crack  that  begins  as  an  outside  comer  crack,  a = 0.050  inch.  Before  a 

L R 

initiates,  the  stress  intensity  for  a is  given  by  Equation  (66). 

After  a^  initiates  (or  for  a specimen  with  continuing  damage),  the  stress 
intensity  for  the  left-hand  crack  tip  is  given  by 

Ki  - kJ  ) (80) 


in  which  a 


= \ 


is  used. 


Here  Y was  previously  presented,  while 
i R 


MIN 


(81) 


In  Equation  (81),  k is  as  defined  in  Equation  (71)  assuming  a^  = 0 (so  that 

A = R + a /2). 
o o R 
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Equations  (80)  and  (81)  are  also  applicable  to  the  right-hand  crack  tip, 
except  that  the  roles  of  and  a^  are  interchanged;  is  incorporated  into 
Equation  (80),  and  Ygg  replaces  Y^^^  in  Equations  (71)  and  (81). 

If  a^  reaches  the  free  edge  before  a^^  initiates,  is  given  by  Equa- 
tion (73)  where  is  the  total  cut  length  (crack  plus  hole).  This  formula 
also  applies  for  the  edge  crack  arrested  at  the  second  hole.  After  a^^ 
initiates  at  the  first  (left-hand)  hole,  the  stress  intensity  at  the  tip  of 
this  edge  crack  is 


>4  - 1-1215  Kf) 


(82) 


(where  is  the  cut  length).  After  initiation  at  the  second  hole,  the  same 

formula  applies  but  is  omitted. 

AH 


If 


a^^  is  arrested  at  the  second  fastener  hole  before  a^  reaches  the  free 


edge,  then  Equation  (72)  gives  at  the  second  fastener  hole.  After  a^ 
initiates  (but  before  a^  reaches  the  free  edge)  the  stress  intensity  at  the 
right-hand  tip  is 


K = V 

^QE 


(83) 


Specimens  with  outside  skin  cracks  are  expected  to  fail  by  the  time  the 
skin  crack  is  20  to  25  percent  of  the  way  across  the  width.  Thus  no  correc- 
tion for  the  far  edge  is  included  in  the  above  equations. 

5. 3 Initial  Inside  Crack  in  the  Angle  Stringer 

Figure  57(A)  shows  the  general  cracked  condition  of  the  angle  for  the 
crack  that  begins  as  an  inside  corner  crack,  a^  = 0.050  inch. 

When  a^  = 0,  the  stress  intensity  for  the  right-hand  tip  is  as  given  in 
Equation  (75),  where  a = a^.  The  stress  concentration  at  the  origin  point  of 
a^  is  given  in  Equation  (72)  , using  = B^. 
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Figure  57.  Dimensions  for  Inside  Cracks,  Edge  Stringer  Specimens 
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When  initiates  (or  for  a specimen  with  continuing  damage) , the  stress 
intensity  at  each  tip  in  the  angle  is  analogous  to  that  defined  in  Equa- 
tions (81)  and  (82)  for  the  outside  crack  in  the  skin. 

It  was  known  beforehand  that  right-hand  crack  a would  reach  the  free 
edge  before  a reaches  the  second  hole,  because  it  is  initially  larger  and 

Li 

grows  across  a smaller  ligament  toward  a free  edge,  which  is  a more  severe 

magnifier  on  than  a hole.  Immediately  thereafter,  for  the  left-hand 

tip  is  given  by  Equation  (82).  After  a^  is  arrested  at  the  second  fastener 

hole,  k is  given  by  Equation  (73).  After  reinitiation  of  a , the  stress 
t t 

intensity  is  given  by  Equation  (82)  wherein  Y is  replaced  by 

An 


(84) 


This  is  the  finite  width  correction  factor  approximation  proposed  in  Refer- 
ence 7 for  an  edge  crack  in  a finite  width  member  fastened  to  other  less- 
damaged  structure . 


5.4  Initial  Inside  Crack  in  the  Skin 


Figure  57 (B)  shows  the  general  cracked  condition  of  the  skin  for  the 
crack  that  begins  as  an  inside  corner  crack,  a^  = 0.050  inch. 


When  a^  = 0 the  stress  intensity  for  the  right-hand  tip  is  obtained  from 
Equation  (76),  with  a = c = a^  and  = B^.  The  stress  concentration  factor 

at  the  origin  point  of  a is  obtained  by  letting  B = B in  Equation  (71). 

O 1j 

After  a initiates,  the  stress  intensity  for  the  two  crack  tips  are 

Li 

obtained  from  Equations  (80)  and  (81).  For  the  left-hand  crack  tip,  is 

incorporated  into  Equation  (80).  For  the  right-hand  crack  tip,  Y^^  is  not 
included  but  a^  is  used  in  place  of  a^  and  Y^^  in  place  of 

When  a is  arrested  at  the  second  hole,  the  stress  concentration  factor 

Li 

is  obtained  from  Equation  (71).  When  a reinitiates,  its  stress  intensity 

L< 

factor  is 
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By  the  time  breaks  through  to  the  free  edge,  the  skin  crack  was  expected 
to  be  unstable. 

6.  CRACK  GROWTH  LIFE  PREDICTIONS  FOR  SPECTRUM  LOADING 

In  this  section  two  simple  methods  to  predict  the  crack  growth  life  of 
a structural  specimen  subjected  to  the  80~flight  spectrum  fatigue  loading 
(Figure  8)  are  presented.  Both  methods  utilize  the  baseline  constant-amplitude 
and  spectrum  data  from  Section  IV  and  a constant-amplitude  fatigue  test  result 
for  the  identical  structural  specimen  configuration  that  is  to  be  spectrum 
tested.  Baseline  fatigue  crack  initiation  data  are  used  in  the  equivalent 
k^  prediction  method.  Baseline  crack  growth  data  are  used  in  the  equivalent 
stress  intensity  factor  method.  Otherwise  the  two  methods  are  very  similar. 

The  two  methods  are  best  explained  by  means  of  an  example.  Tests  of 
split-skin  stringer  reinforced  specimens,  discussed  in  Section  VIII,  are  used 
for  this  purpose.  At  the  time  that  a spectrum  prediction  was  required, 
Specimens  4. 8-3-3  and  4. 8-3-4  had  already  been  tested  under  constant-amplitude 
loading  at  a maximum  gross  area  stress  of  17  ksi  and  a range  ratio  of  0.1. 

The  resulting  geometric  mean  life  for  these  two  specimens  was  24,411  cycles. 

Two  identical  specimens,  4. 8-3-1  and  -2,  with  the  identical  system  of 
fasteners  and  initial  flaws,  were  to  be  spectrum  tested  at  a reference  stress 
of  30  ksi.  A crack  growth  life  prediction  for  this  test  was  required. 

Table  15  demonstrates  how  the  Equivalent  k^  method  is  applied.  For 

n = p = 1,  Equation  (48)  relates  constant-amplitude  fatigue  life  to  k S 

t max 

for  fatigue  coupons.  A fatigue  coupon  subjected  to  S =17  ksi, 

max 

R = 0. 1 and  lasting  24,411  cycles  would,  by  Equation  (48),  have  an  estimated 
k^  value  of  5.18.  This,  then,  is  the  equivalent  k^  value  for  these  structural 
specimens . 
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TABLE  15.  SPECTRUM  CRACK  GROWTH  PREDICTIONS  FOR  STRUCTURE 
BY  EQUIVALENT  k PREDICTION  METHOD 
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The  equation  for  a log-log  straight  line  through  the  geometric  mean 
spectrum  fatigue  crack  initiation  life  points  for  Specimens  MCT-1  and  -2  and 
MCT-3  and  -4  is 


N 


-4.0417 

X 48,775  flights 


(86) 


For  a gross  area  spectrum  reference  stress  of  30  ksi  and  a k^  value  of  5.18, 
a fatigue  coupon  would  have  an  estimated  crack  initiation  lifetime  of 
8,200  flights,  according  to  Equation  (86).  By  the  equivalent  k^  method  this 
was  the  predicted  crack  growth  life  for  Specimens  4. 8-3-1  and  4. 8-3-2. 

The  Equivalent  Normalized  Stress  Intensity  Factor  prediction  method  is 
utilized  in  Table  16.  The  method  requires  an  average  crack  growth  rate  to 
characterize  the  fatigue  test  results  for  structural  Specimens  4. 8-3-3  and 
4. 8-3-4.  By  inspection  of  the  data  from  these  specimens,  failure  occurred 
soon  after  the  skin  crack  or  tee  crack  reached  a length  of  1 inch.  By  using 
1 inch  as  the  final  stable  fatigue  crack  sizet  the  average  crack  growth  rate 
can  be  obtained  by  dividing  1 inch  (10^  microinches)  by  the  mean  specimen 
life.  The  result  is  40.87  microinches  per  cycle.  The  baseline  constant- 
amplitude  crack  growth  rate  curve  for  0.188-inch  sheet  is  found  in  Figure  43. 
The  K value  corresponding  to  this  rate  is  18.56  ksix/inch.  Thus  the 
equivalent  normalized  stress  intensity  factor  for  this  specimen  configuration 
is  K/S  = 1 . 092  y inch,  obtained  by  dividing  18.56  ksi  ^inch  by  the  maximum 
gross  area  stress,  17  ksi. 

The  spectrum  prediction  is  obtained  by  inverting  this  procedure.  A value 
of  spectrum  reference  stress  intensity  of  32.8  ksi y inch  is  obtained  by 
multiplying  K/S  by  the  reference  stress,  30  ksi.  The  corresponding  spectrum 
crack  growth  rate,  80  microinches  per  flight,  is  estimated  from  the  spectrum 
crack  growth  rate  data  points  for  Specimens  CT5-1  and  CT5-2  shown  in 
Figure  47.  Finally,  dividing  10^  microinches  by  this  rate  gives  the  estimated 
spectrum  life  for  Specimens  4. 8-3-1  and  4. 8-3-2,  12,500  flights. 


This  is  a selected  growth  increment,  not  the  critical  crack  size,  and  is  some- 
what arbitrary.  For  example,  use  of  2 inches  instead  of  1 inch  would  have  led 
to  a prediction  of  10,000  flights  in  Table  16,  instead  of  12,500  flights. 
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The  predictions  in  Table  15  relate  best  to  fatigue  crack  initiation 
while  those  in  Table  16  relate  best  to  fatigue  crack  growth.  The  failure  of 
the  precracked  structural  specimens  results  from  a combination  of  crack 
initiation  phenomena  and  crack  growth  phenomena.  Thus  the  best  life  estimate 
for  these  structural  specimens  would  seem  to  be  some  intermediate  value,  such 
as  the  geometric  mean  of  the  two  life  estimates. 

There  are,  of  course,  more  elaborate  prediction  methods  than  the  two 
described  above,  in  which  the  entire  crack  growth  sequence  is  calculated  as  a 
sequence  of  crack  growth  periods  and  crack  initiation  and  reinitiation  periods. 
During  crack  growth  a stress  intensity  factor  expression  and  a spectrum  crack 
growth  rate  curve  are  used,  whereas  during  crack  initiation  or  reinitiation  a 
stress  severity  factor  expression  and  a spectrum  fatigue  crack  initiation  life 
curve  are  needed. 

As  seen  in  Section  IV,  Paragraph  6,  spectrum  crack  growth  rate  and  spectrum 
crack  initiation  life  curves  can  be  obtained  either  analytically  (by  using  a 
retardation  or  Miner's  Rule  prediction  model  and  constant— amplitude  data)  or 
empirically  (by  using  simple  baseline  specimens  subjected  to  the  identical 
loading  sequence  that  the  structure  will  see).  Likewise,  as  seen  in 
Figure  25,  Section  III,  Paragraph  3.3.2,  it  is  possible  to  obtain  a stress 
intensity  factor  (or  stress  severity  factor)  expression  empirically,  as  well 
as  analytically.  Such  factors,  obtained  empirically  from  the  constant  amplitude 
test  results  for  structural  specimens,  can  be  utilized  to  predict  crack  growth 
and  reinitiation  for  the  spectrum  tests  of  similar  specimens. 
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SECTION  VI 

SPECIMEN  FABRICATION  AND  TEST  PROCEDURES 


1.  FABRICATION  OF  TEST  SPECIMENS 

The  careful  and  proper  fabrication  of  test  specimens  is  always  an 
important  aspect  of  any  experimental  investigation.  Due  to  the  unusual  nature 
of  the  test  specimens  for  this  program,  fabrication  required  significantly 
more  care,  concern  and  attention  than  otherwise.  Tests  are  commonly  conducted 
on  built-up  structure  and  on  cracked  specimens,  but  the  testing  of  complex 
built-up  structure  containing  well-defined  and  well-located  small  initial 
cracks  has  been  rare. 

The  typical  test  specimen  in  this  program  consisted  of  plates  or  sheets 
with  adjacent  elements  attached  by  fasteners.  Small  (0.050-inch)  part-through 
precracks  were  required  at  preselected  fastener  holes,  most  often  in  two 
adjacent  elements  at  the  same  hole  location.  Additonal  continuing  damage 
razor  cut  defects  were  sometimes  required  at  adjacent  holes.  For  the  type  of 
precise  comparisons  required  in  this  program,  it  was  important  to  have,  for 
each  specimen,  as  much  information  as  possible  about  the  values  of  fabrication 
variables  that  could  affect  crack  growth. 

Thus  in  addition  to  simply  following  careful  fabrication  procedures, 
information  not  usually  collected  about  the  fabrication  was  recorded.  These 
data  included  actual  final  precrack  dimensions  (measured  to  0.002  inch), 
growth  rates  during  precracking,  hole  and  fastener  diameters  (to  0.0005  inch) 
at  cracked  and  adjacent  holes,  and  any  comments  regarding  variations  in  any 
fabrication  step.  Some  of  these  data  are  summarized  in  Section  IX  of  Volume  II. 
Note  that  none  of  this  information  was  used  in  the  initial  life  predictions. 
However  the  data  are  available  to  help  explain  any  anomalies  that  occurred 
in  the  testing. 
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1.1  Joints 


The  following  step-by-step  procedure  was  used  for  fabrication  of  the  26 
precracked  joint  specimens: 

1)  Each  plate  and  doubler  were  rough  cut  to  size  and  milled  to  appropriate 
outer  dimensions  + 0.030  inch.  If  a crack  was  to  be  placed  within  4 
Inches  of  a parallel  edge,  sufficient  extra  material  was  left  so  that 
the  specimen  could  be  easily  gripped  for  precracking  in  cantilever 
bending.  Final  splitting  along  the  centerline  of  the  skin  pieces  was 
delayed  until  after  Step  9 in  order  to  leave  a gripping  area  for 
precracking. 

2)  Grip  holes  were  drilled. 

3)  Specimen  components  were  arranged  together  as  they  were  to  be  in  the 
completed  specimen  and  labelled  so  that  they  could  be  assembled  in 
the  same  orientation  at  all  later  points  in  the  fabrication  program. 

4)  A small  hole  was  drilled  at  the  site  of  the  hole  at  which  a 0.050-inch 
fatigue  crack  was  required. 

5)  A starter  notch  was  cut  in  each  undersized  hole  with  a razor  blade. 

6)  Each  component  which  was  to  contain  a 0.050-inch  crack  was  subjected 
to  cyclic  loads  using  cantilever  bending  until  a fatigue  crack  of  the 
appropriate  length  was  obtained.  The  appropriate  length  was  such  that 
the  length  of  the  crack  plus  the  radius  of  the  undersize  hole  was 
equal  to  the  radius  of  the  final  hole  size  plus  0.050  inch.  The 
loads  used  in  precracking  were  chosen  to  be  small  enough  so  that  the 
crack  growth  rates  during  precracking  were  approximately  10~5  inch 
per  cycle  or  slower.  This  was  less  than  the  initial  rates  expected 
during  the  actual  tests.  This  was  done  to  eliminate  initial  crack 
retardation  effects.  The  final  crack  growth  rate  for  each  precrack 
was  measured  and  recorded.  (See  Section  8 of  Volume  II.)  Thus, 
checks  on  retardation  elimination  are  possible. 

7)  Based  on  the  exact  location  of  the  crack  tip,  the  center  of  the 
cracked  hole  was  located  in  each  component  with  respect  to  a 
machined  reference  surface.  Note  that  for  multiple-cracked  structure 
each  crack  tip  may  dictate  a different  optimum  hole  center  relative 
to  the  component  exteriors.  It  was  felt  that  the  optimization  of  the 
0.050  inch  crack  length  in  each  component  was  more  important  than  the 
few  thousandths  of  an  inch  variation  in  hole  pattern  location  relative 
to  the  component  edges.  In  fact,  machining  tolerances  on  width 
dimensions  are  greater  than  the  error  introduced  by  this  locating 
procedure . 

8)  The  hole  at  the  crack  location  was  drilled,  eliminating  the  razor- 
induced  starter  flaw  and  leaving  only  the  0.050-inch  crack.  Each  of 
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the  component  cracked  holes  were  drilled  separately  for  the  reasons 
described  in  Step  7. 

9)  A locator  pin  nominally  0.0002  inch  less  than  the  drilled  cracked  hole 
diameter  and  the  largest  pin  that  can  be  placed  in  the  drilled  hole 
was  used  to  align  the  specimen  components.  The  specimen  was  then 
clamped  and  all  other  fastener  holes  were  drilled.  This  was  followed 
by  countersinking  where  required. 

10)  The  cracked  hole  and  the  two  adjacent  holes  in  the  same  row  were 
measured  to  the  nearest  0.0005  inch,  and  these  data  were  recorded. 

11)  The  actual  crack  lengths  in  each  component  are  measured  and  recorded. 
Crack  sizes  were  held  to  0.050  inch  + 0.008  inch. 

12)  All  holes  were  deburred.  (Deburring  at  the  faying  surface  was  a minor 
deviation  from  standard  assembly  practice.  Standard  practice  is  to 
clamp,  drill,  deburr  the  exposed  side  of  the  holes,  and  assemble. 

The  faying  surfaces  are  seldom  separated  after  drilling  so  deburring 
is  impossible.  However  for  these  specimens  the  faying  surfaces  had 
to  be  separated  to  measure  the  cracks  and  induce  the  continuing 
damage  flaws.  It  was  decided  that  having  been  separated,  the  faying 
surfaces  should  be  deburred,  lest  the  burrs  induce  inadvertant 
scratches  and  flaws  during  subsequent  handling) . 

13)  Where  continuing  damage  was  required,  0.020-inch  razor  cuts  were 
placed  at  hole  corners.  The  procedure  developed  and  verified  in 
Reference  55  and  described  in  Appendix  C was  used  for  making  these 
continuing  damage  flaw  cuts. 

14)  The  diameters  of  the  fasteners  to  be  used  at  the  cracked  and  adjacent 
holes  were  measured  (to  0.0002  inch)  and  these  data  were  recorded. 

15)  The  fastener  was  installed  in  the  precracked  hole,  and  all  other 
fasteners  were  then  installed.  In  the  case  of  interference-fit 
fasteners,  alcohol  was  used  as  a lubricant  when  driving  the  fasteners 
into  the  holes.  During  installation  of  these  fasteners  the  torque  was 
limited  by  the  shearing  off  of  a portion  of  the  nut.  For  clearance- 
fit  fasteners,  each  fastener  was  torqued  to  a common  predetermined 
load  corresponding  to  a ” f inger-tight " situation.  For  example,  in 
the  case  of  the  large  double  lap  shear  specimens  it  was  determined  by 
experiment  that  the  maximum  thread  friction  ran  from  15  to  35  inch- 
pounds  for  each  fastener;  based  upon  this,  a uniform  torque  of  40  to 
45  inch-pounds  was  chosen  for  this  specimen. 

16)  All  required  strain  gages  and  mounting  clips  for  clip  gages  were 
installed . 
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Prior  to  actually  fabricating  the  precracked  joint  specimens,  checks  on 
the  precracking  procedures  were  made  in  order  to  make  sure  that  the  flaw  shapes 
would  be  as  intended.  Figure  58  shows  the  result  of  attempting  to  induce  a 
0.05-inch  quarter-circular  flaw  at  the  corner  of  a 0.375-inch  diameter  hole 
in  a 0.188-inch  sheet,  and  at  a 0.250- inch  diameter  hole  in  a 0.094-inch  sheet. 

As  can  be  seen  the  shapes  are  fairly  close  to  quarter-circular. 

Different  precracking  procedures  were  used  for  the  extrusions,  as  discussed 
in  the  following  subsection.  These  procedures  resulted  in  non-quarter-circular 
cracks,  the  depth  being  substantially  greater  than  the  surface  length.  A typical 
case  shows  up  in  Figure  108,  Section  VIII.  The  initial  flaw  in  the  tee  appears 
on  the  fracture  surface  as  a gray  quarter-ellipse  approximately  0.09-inch  deep. 
Its  premeasured  length  on  the  faying  surface  was  0.046  inch. 

1.2  Stringer-Reinforced  Panels 

The  primary  difference  between  the  joint  specimen  fabrication  and  the 
skin-stringer  specimen  fabrication  was  the  requirement  to  place  0.05-inch 
cracks  in  the  stringer  as  well  as  sheet  or  plate  elements.  Additional  differ- 
ences included  bonding  doublers  to  the  specimens  in  the  grip  area  and  changes 
in  machining  sequencing  to  assure  alignment. 

Figure  59  shows  the  two  stringer  cross  sections  used,  an  angle  and  a tee 
extrusion.  Although  all  elements  fabricated  from  sheet  and  plate  materials  were 
precracked  in  cantilever  bending,  it  was  impossible  to  precrack  these  stringers 
in  bending.  The  required  location  of  all  stringer  precracks  was  at  a hole  in 

the  outer  face  of  the  base  (Ta)  in  Figure  59).  Since  the  location  of  the 

neutral  axis  in  both  cross  sections  is  in  the  vicinity  of  the  upper  face  of 
the  base  (b) , any  attempt  to  place  bending  stresses  on  the  order  of  20  ksi  at 

the  crack  site  would  have  resulted  in  compressive  yielding  at  the  top  of  the 

vertical  leg  (c)  . 

The  tees  for  the  tee-stiffened  specimens  were  cracked  in  uniaxial  tension. 
The  steps  for  precracking  the  tee  elements  were  as  follows: 

1)  The  tees,  were  reduced  in  the  test  section  as  shown  in  Figure  59  and 
holes  for  gripping  during  the  precracking  were  drilled.  A small  hole 
was  drilled  at  the  precrack  site  and  a razor  cut  placed  in  the  base 
(a)  at  the  edge  of  the  hole. 
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(a)  0.188--Inch  Sheet,  0.375-Inch  Diameter  Hole 


(b)  0.094-Inch  Sheet,  0.250-Inch  Diameter  Hole 


Figure  58.  Fatigue-Induced  0.05-Inch  Near-Quarter-Circular  Corner 
Flaws  at  Drilled  Holes  in  7075-T6  Aluminum  Sheet 
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Figure  59.  Stringer  Configurations  for  Precracking 


149 


2)  Emory  paper  was  glued  to  the  grips  to  maximize  the  load  transferred 
in  friction  and  to  minimize  the  probability  of  cracking  at  the  grip 
holes.  Care  was  taken  to  uniformly  tighten  the  bolts  in  the  grip 
area  and  to  maintain  alignment  of  the  tee  in  the  tensile  machine. 

3)  The  tee  was  constrained  laterally  at  the  mid-section  to  maintain  a 
high  tensile  loading  at  the  precrack  location. 

4)  Cyclic  tension  stressing  of  approximately  = 20  ksi,  R = 0.1  was 

applied.  This  resulted  in  a crack  growth  rate  of  about  10  microinches 
per  cycle,  which  tended  not  to  exceed  the  initial  da/dN  in  this  test, 
demonstrating  that  no  crack  retardation  was  introduced.  The  crack 
length  and  the  crack  growth  rate  were  monitored  optically  during 
precracking. 

5)  When  the  appropriate  crack  length  was  reached,  precracking  was 
stopped.  The  appropriate  length  is  the  length  such  that  the  radius 
of  the  small  initial  hole  plus  the  crack  length  equals  the  radius  of 
the  final  hole  plus  0.05  inches. 

Although  care  was  taken  to  minimize  fatigue  problems  in  the  grip  area,  a 
large  number  (approximately  50  percent)  of  attempts  to  produce  a precracked 
tee  resulted  in  failure  of  the  tee  in  the  grip  section.  This  difficulty  was  a 
result  of  the  relatively  close  net  areas  of  the  test  section  and  grip  areas. 

All  apparent  avenues  for  improving  upon  this  situation  seemed  closed:  Further 
reduction  of  the  tee  base  would  have  made  it  too  narrow  to  accommodate  two  rows 
of  fasteners;  reduction  of  the  vertical  section  of  the  tee  in  the  test  section 
would  have  produced  an  increased  tendency  for  compression  at  the  potential  pre- 
crack site;  and  the  use  of  larger  tees  reduced  to  the  appropriate  size  after 
precracking  was  prohibitively  expensive.  With  persistence  (and  some  relaxing 
of  the  tolerance  requirements  on  the  0.050-inch  crack  dimension)  the  required 
24  tee  stringers  were  finally  precracked. 

Precracking  of  the  angles  presented  additional  problems.  The  width  of 
the  base  could  not  be  reduced  in  the  test  section  since  there  would  then  not 
have  been  room  for  the  double  row  of  fasteners  required  in  the  built-up  test 
specimen;  reduction  in  size  of  the  vertical  leg  in  the  test  section  would  have 
introduced  a bending  component  which  would  work  against  the  precracking; 
thinning  of  the  base  leg  in  the  test  area  (on  the  side  away  from  the  precrack 
location)  would  have  also  tended  to  produce  adverse  bending  affects.  Since 
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none  of  these  options  were  available  and  since  even  with  a reduced  section  only 
a 50  percent  acceptance  rate  was  attainable  with  the  tees,  the  concept  of  remote 
tensile  loading  for  precracking  the  angles  was  abandoned. 

The  precracking  problem  is  one  of  getting  loads  into  the  precrack  area 
without  producing  cracks  in  other  areas.  Therefore,  it  was  decided  to  attempt 
to  put  loads  directly  into  the  precrack  area  using  pin  loading  in  a hole  at 
the  precrack  site. 

Both  single  shear  and  double  shear  loading  was  attempted.  Although 
single  shear  loading  tended  to  produce  hole  distortion,  it  proved  to  be  a 
more  consistent  method  of  producing  cracks  at  the  desired  location.  Since  the 
hole  was  redrilled  to  a larger  size  during  final  assembly,  the  minor  hole 
damage  that  occurred  was  acceptable.  During  precracking  the  hole  was  loaded 
through  a 0.250-inch  diameter  steel  pin  which  was  loaded  by  a long  steel  plate 
(see  Figure  60) . The  steel  plate  was  attached  to  the  test  machine  by  pin 
loading  as  was  one  end  of  the  angle.  The  grip  end  of  the  angle  was  loaded 
through  a 0.375-inch  diameter  pin  in  double  shear.  Thus  the  bearing  stress 
in  the  grip  section  was  considerably  lower  than  that  in  the  precrack  section. 

The  point  of  peak  stress  tangential  to  a pin-loaded  hole  lies  at  approximately 
10°  from  a perpendicular  to  the  load  line.  Therefore,  the  angle  was  rotated 
180°  every  few  thousand  cycles  and  loaded  in  the  opposite  direction  to  mimi- 
nize  the  deviation  of  the  crack  line  from  the  desired  0°  orientation. 

As  shown  schematically  in  Figure  59,  there  were  two  alternative  initial 
crack  locations  required  in  the  angles.  A razor  notch  was  used  as  a starter 
notch  for  precracking  in  both  cases.  The  inside  precrack  (i)  readily  initiated 
and  grew.  In  attempting  to  induce  the  outside  crack  (o) , however,  cracks  would 
often  start  at  other  locations.  Sometimes  they  would  grow  from  the  opposite  side 
of  the  hole,  and  sometimes  they  would  start  above  or  below  the  starter  notch. 

The  net  result  was  that  the  acceptance  rate  on  these  elements  was  low.  It  took 
twelve  angles  to  generate  the  first  four  usable  stiffeners  of  configuration  (o) . 

Note  that  this  might  imply  that  crack  configuration  Co)  is  a noncritical 
damage  location.  Experience  during  precracking  indicated  that  a fatigue  crack 
is  unlikely  to  initiate  as  this  location,  and  that  when  initial  damage  is  intro- 
duced by  other  means,  it  does  not  readily  grow  at  this  location.  However,  the 
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Figure  60.  Precracking  of  the  Angle  by  Pin  Loading 
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precracking  experience  was  based  entirely  on  single  shear  loading  in  the 
manner  shown  in  Figure  60.  In  typical  structure,  the  angle  stringer  would  be 
subjected  to  a combination  of  remote  loading  and  single  lap  shear.  An 
examination  of  the  structural  test  results  discussed  in  Section  VIII  shows 
that,  although  cracks  at  location  (o)  in  Figure  59  tend  to  grow  somewhat  more 
rapidly,  cracks  at  location  (i)  also  grow  and  participate  in  specimen  failures. 

The  overall  fabrication  sequence  for  the  skin-stringer  specimens  was 
essentially  the  same  as  that  for  the  joint  specimens  except  that  to  ensure 
proper  alignment,  the  grip  holes  were  drilled  after  assembly.  Additionally, 
just  prior  to  the  drilling  of  the  grip  holes,  doublers  were  bonded  at  the 
grip  area  of  the  specimens,  using  a two-part,  room-temperature  cure  epoxy 
adhesive . 

The  last  four  specimens  fabricated  for  this  program  were  two-bay  panels 
with  angles  as  edge  stiffeners  and  a central  tee  stiffener.  All  crack  locations 
were  called  out  to  be  at  the  outer  fastener  hole  relative  to  the  stiffener  and 
toward  the  outer  edge  of  the  stiffener.  Since  precracking  the  angles  for 
this  crack  location  using  the  pin-loading  technique  had  proved  to  be  a relatively 
easy  procedure,  the  same  technique  was  used  for  the  tees.  It  is  worth  noting 
that  in  addition  to  not  being  consistently  successful,  the  prior  procedure 
used  for  precracking  the  tees  was  time-consuming.  The  setup  and  dismantling 
time  of  the  grips  was  extensive.  Once  again  the  pin-loading  technique  proved 
to  be  effective  and  the  acceptance  rate  on  precracks  was  100  percent.  Since 
the  setup  is  also  rapid,  this  technique  is  recommended  for  use  in  future 
studies  requiring  precracking  of  stringer  extrusions.  However,  based  upon  the 
precracking  and  testing  experience  described  above,  a combination  of  tension 
and  single-shear  pin  loading  should  be  attempted  for  cases  where  the  crack  has 
to  grow  toward  the  vertical  stiffener  segment  ((o)  in  Figure  59). 

2.  TEST  PROCEDURES 

This  section  summarizes  the  procedures  used  for  crack  growth  monitoring 
and  measurement  and  the  constraints  used  to  limit  lateral  deflections  of  the 
specimens  to  within  the  range  typical  of  aircraft  structure.  The  environment 
for  all  tests  was  controlled  (Lockheed  Rye  Canyon)  laboratory  air  (72°  + 3°F; 

40%  + 10%  RH)  . 
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2.1  Crack  Length  Monitoring 


Due  to  their  complexity,  the  structural  specimens  often  contained  several 
cracks  which  grew  simultaneously.  To  allow  for  the  measurement  of  crack 
lengths  the  cycling  was  stopped  intermittently.  Past  experience  with  7075-T6 
aluminum  indicates  that  these  pauses  have  no  effect  on  da/dN. 

Cracks  were  measured  visually  on  external  surfaces.  In  planar  areas  a 
traveling  microscope  and  dial  gage  were  used  for  crack  growth  measurements 
with  approximately  +0. 002-inch  accuracy.  For  more  complex  contours  like  the 
crack  growing  from  the  base  of  an  angle  stringer,  around  a fillet  radius,  and 
up  the  protruding  leg  of  the  stringer,  a flexible  plastic  ruler  graduated  in 
0.02-inch  intervals  was  bent  to  follow  the  contour  of  the  surface.  The  crack 
length  was  read  directly,  probably  within  +0. 002-inch  accuracy. 

In  the  stringer-reinforced  specimens,  there  was  no  load  transfer  in  the 
plane  of  the  initial  crack  because  of  symmetry.  Clearance-fit  Hi-lok  fasteners 
in  this  plane  were  removed  for  crack  length  measurement.  This  facilitated  the 
detection  of  small  cracks  that  would  otherwise  be  hidden  by  the  collar  or 
fastener  head  and  allowed  for  direct  use  of  the  edge  of  the  hole  as  the  zero- 
crack-length  point.  After  crack  measurement  the  fastener  was  replaced  for 
subsequent  fatigue  cycling  but  the  collar  was  not. 

Of  course,  interference-fit  fasteners,  rivets,  and  fasteners  with  load 
transfer  were  never  removed  during  testing.  For  these,  cracks  were  detected 
only  after  they  grew  beyond  the  edge  of  the  collar  or  fastener  head.  However 
even  for  these  the  crack  lengths  tabulated  in  Volume  II  of  this  report  are 
as  measured  from  the  hole  edge.  They  were  computed  from  the  raw  data  by 
adding  the  nominal  overhang  length  of  the  collar  or  fastener  head  to  the 
observed  crack  length. 

For  the  tee-reinforced  specimens  marking  cycles  were  useful  in  providing 
occasional  crack  length  and  crack  front  shape  markings  on  the  fracture  surface. 
Marking  cycles  were  not  effective  in  the  joint  specimens  and  were  not  used  in 
the  angle-reinforced  specimens.  Furthermore  the  marks  seldom  showed  up  for 
the  small  cracks  at  the  edge  of  the  fastener  holes  before  they  became  visible 
at  the  surface. 
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2.2  Control  and  Measurement  of  Transverse  Deflections 


The  stresses  in  a structure  often  depend  upon  the  degree  of  constraint 
imposed  by  adjacent  structure  against  induced  lateral  bending  deflections. 

Thus  it  was  important  that  the  degree  of  lateral  support  in  these  structural 
test  specimens  was  typical  of  aircraft  structure  and  that  the  resulting  stress 
gradients  and  lateral  deflections  were  measured. 

The  double  lap  joint  specimens  were  symmetric  about  the  plane  of  the 
specimen  itself.  Therefore  there  was  no  tendency  for  lateral  deflection  to 
occur,  except  to  a limited  extent  when  the  crack  in  one  doubler  was  longer 
than  the  crack  in  the  other.  Therefore  no  lateral  supports  were  used  for 
the  double  lap  joint  specimens. 

The  eccentricity  in  the  single  lap  joints  induces  bending  stresses  even 
when  a lateral  constraint  is  employed.  Figure  61  is  a photograph  of  this 
specimen  in  the  test  machine.  The  lateral  constraint  was  achieved  by  attaching 
the  transverse  tee  member  of  the  specimen  to  a steel  channel  beam  through  a 
pair  of  flexures.  The  channel  beam  was  mounted  across  the  vertical  columns 
of  the  MTS  test  machine.  Because  of  its  span  and  orientation  the  beam  could 
bend  somewhat.  As  a result,  lateral  deflections  of  0.0175  inch  were  measured 
at  the  center  of  the  undamaged  test  specimen  for  a 17  ksi  applied  gross  area 
tensile  stress.  By  subsequent  beam  calculations  on  the  channel  it  was  estimated 
that  approximately  230  pounds  of  tensile  load  were  exerted  by  the  two  flexures. 

As  shown  in  Figure  62,  no  constraints  against  bending  were  used  for  the 
center  tee-reinforced  specimens.  The  protruding  leg  of  the  tee  was  not  directly 
loaded  in  the  grip  area.  Instead,  it  was  tapered  at  its  end.  A system  of 
bonded-on  doublers  was  used  at  each  end  of  the  specimen  in  an  attempt  to  keep 
the  area  centroid  of  the  specimen  in  the  same  plane  throughout  its  length. 
Nevertheless,  out-of-plane  bending  did  occur  in  the  tee-reinforced  specimens. 

The  C-clamps  shown  in  Figure  62  are  to  help  prevent  the  bonded  doublers 
from  disbonding.  Each  clamp  clasps  through  a 0.25-inch  flat  plate  onto  the 
innermost  doubler  of  the  specimen  to  reduce  the  normal  stresses  in  the  bond. 
These  normal  stresses  were  high  because  the  doublers  extended  far  beyond 
the  grip  area.  It  was  found  that  the  room-temperature-cure  adhesive,  even 
when  bonded  with  great  care  to  a clean,  rough,  sandblasted  metal  surface, 
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Figure  61.  Single  Lap  Joint  Specimen,  Showing  Lateral  Constraint 
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Figure  62.  Center-Stringer  Specimen  in  Fatigue  Test  Machine 
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was  not  well  suited  for  use  with  these  bonded  doublers.  Fortunately,  the 
partial  disbonding  of  the  longer  doublers  had  very  little  effect  on  transverse 
deflections  and  no  noticeable  effect  on  crack  growth  behavior. 

Figure  63  shows  three  views  of  the  two-bay  specimen  in  the  200-kip  MTS 
machine.  The  same  fixturing  was  used  for  the  edge-stringer  specimens.  The 
specimen  was  loaded  by  means  of  steel  plates  that  clamped  to  the  skin,  and 
pairs  of  aluminum  channels  that  clamped  through  the  simulated  shear  web  and 
outstanding  leg  of  the  angle.  By  directly  picking  up  the  stringers  in  this 
manner,  the  out-of-plane  bending  was  somewhat  alleviated.  Two  large  beams 
spanning  the  columns  of  the  MTS  machine  were  connected  through  flexures  to  a 
double  rectangular  frame  which  clamped  directly  onto  the  specimen.  This  was 
provided  to  limit  the  lateral  deformations  that  could  otherwise  occur  from 
eccentricities  induced  by  extensive  cracking  and  from  imperfect  stringer  pickup 
in  the  grips. 

As  a result,  according  to  the  strain  gage  readings  discussed  in 
Section  VIII,  little  transverse  bending  occurred  in  the  two-bay  specimens. 

Some  bending  occurred  in  the  edge  stringer  specimens;  however,  the  distribu- 
tion of  stress  through  the  thickness  was  typical  of  the  stress  distribution 
in  aircraft  wing  structure. 
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[a]  Front  View  Back  View 

Figure  63.  Test  Setup,  Two-Bay  Specimens  (Same  as  for  Edge-Stringer  Specimen) 
(Page  1 of  2) 


[c]  Side  View 


Figure  63.  Test  Setup,  Two-Bay  Specimens  (Same  as  for  Edge-Stringer 
Specimen)  (Page  2 of  2) 
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SECTION  VII 


TEST  RESULTS  FOR  PRECRACKED  JOINTS 


Fourteen  precracked  double  lap  joints  and  twelve  precracked  single  lap 
joints  were  fatigue  crack  growth  tested  to  failure.  The  specimen  configura- 
tions are  summarized  in  Figures  2,  3,  and  4.  The  initial  damage  conditions 
for  the  18  Phase  I tests  are  shown  in  Figures  5 and  6.  The  conditions  for 
the  Phase  II  tests  are  summarized  in  Tables  3 and  4. 

The  test  data  and  the  crack  growth  predicions  are  tabulated  and  plotted 
in  Volume  II.  These  results  are  reviewed  and  discussed  in  detail  in  this 
section. 

1.  TEST  OBSERVATIONS  FROM  PHASE  I 


Twelve  precracked  double  lap  joint  specimens  and  six  precracked  single 
lap  joint  specimens  were  fatigue  crack  growth  tested  to  failure  in  Phase  I. 
Figure  64  shows  the  crack  growth  lives  of  these  specimens.  The  following 
observations  can  be  made: 

• The  fatigue  life  of  precracked  joints  is  significantly  longer  when 
interference-fit  fasteners  with  full  bolt  torque  are  used  (at  all  but 
the  precrack  location)  rather  than  clearance-fit  finger-tight  fasteners. 
The  beneficial  effects  of  interference  and  clamp-up  are  more  pro- 
nounced in  the  double  lap  joint  specimens  with  protruding  head 
fasteners  than  in  the  single  lap  joint  specimens  with  flush  head 
fasteners . 

• For  the  joints  tested  here  there  was  little  or  no  sensitivity  to 
variations  in  initial  flaw  condition  (single  flaw  versus  multiple 
flaw,  continuing  damage  versus  no  continuing  damage). 
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• Test  lives  tended  to  be  more  reproducible  than  had  been  expected.  Of 
the  18  specimens  tested,  Specimen  4.6A-3  appears  to  be  the  only  aberra- 
tion, with  a life  of  93,400  cycles  compared  to  35,900  cycles  for 
replicate  specimen  4.6A-4. 

1 . 1 Double  Lap  Joint  Tests 

Figures  65  through  68  compare  actual  and  predicted  crack  growth  histories 
for  the  initial  0.050  inch  fatigue-induced  corner  cracks  in  the  thick  double 
lap  joint.  These  cracks  grow  from  Fastener  3 in  Row  2 of  the  doublers  to 

Fastener  4.  Side  A is  the  fastener  head  side  and  Side  B is  the  collar  side. 

Thus  a^^  designates  a crack  in  the  head-side  doubler  growing  from  Fastener  3 

to  Fastener  4,  and  b«,  is  a similar  crack  in  the  collar  side  doubler. 

34 

For  the  test  points  the  crack  length  is  measured  from  the  edge  of  the 
hole  on  the  external  surface  of  the  doubler.  For  the  prediction  the  crack 
size  is  as  would  be  measured  on  the  faying  surface  of  the  doubler.  For  cracks 
longer  than  about  0.25  inch,  both  should  be  the  same.  Thus,  the  predicted  and 
actual  crack  growth  rates  are  the  same  for  long  through-thickness  cracks  if  the 
curves  have  the  same  slope  for  crack  lengths  in  excess  of  0.25  inch.  The  pre- 
dicted and  actual  growth  rates  for  corner  flaws  agree  if  there  is  agreement  in 
the  number  of  cycles  to  attain  a crack  length  of  0.25  inch.  Specimen  4.6A-12 
shown  in  Figure  66  is  a replication  of  4.6A-3  and  -4  tested  under  other  funding 
and  reported  in  Reference  71. 

Similar  comparisons  are  made  in  Figure  69  for  the  thin  double  lap  joint 

specimens.  The  doublers  are  only  0.094  inch  thick  for  these  specimens,  so 

cracks  longer  than  about  0.125  inch  are  probably  uniform  through-the-thickness 
cracks.  Thus,  matched  slopes  for  cracks  greater  than  0.125  inch  indicate  that 
the  predicted  and  actual  rates  of  through-thickness  cracks  are  the  same.  Agree- 
ment in  the  time  to  attain  a 0.125  inch  crack  indicates  an  agreement  in  the 
growth  rates  of  corner  flaws. 

The  following  are  observed  from  Figures  65  through  69: 

• The  experimental  growth  rates  of  corner  flaws  are  slower  than  predicted. 

• For  undamped  joints  with  clearance  fit  fasteners  the  growth  rate  of 
long  through-thickness  cracks  is  accurately  predicted  except  in 
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Figure  67.  Crack  Growth  Across  the  First  Ligament,  Thick  Double  Lap 
Joint  Specimens  4.6A-5  and  4.6A-6 
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Figure  68.  Crack  Growth  Across  First  Ligament,  Thick  Double  Lap 
Joint  Specimens  4.6A-7  and  4.6A-8 
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Specimen  4.6A-3,  where  the  entire  crack  growth  history  (corner  crack 
and  through-thickness  crack)  is  much  slower  than  in  replicate  Speci- 
men 4.6A-4.  The  cracks  grew  slightly  faster  than  predicted  in 
Specimen  4.6A-2  but  the  acceleration  was  caused  by  the  presence  of 

secondary  cracks  a««  and  a,^. 

32  43 

• Growth  rates  of  corner  flaws  and  through-thickness  cracks  are  slower 
in  fully-clamped  joints  with  interference-fit  fasteners  than  in  un- 
damped joints  with  clearance-fit  fasteners,  and  slower  than  the  pre- 
dicted rates  by  factors  of  about  2 to  4. 

Displacement  gages  were  placed  across  the  gap  of  the  joint  on  either  edge 
of  the  eight  thick  double  lap  joint  specimens.  The  time  histories  of  dis- 
placement range  are  shown  in  Figure  70.  The  most  striking  observation  is  their 
correlation  with  fastener  interference  and  torque.  The  steady-state  displace- 
ment range  for  Specimens  4.6A-5  through  -8  (with  interference-fit,  fully- 
torqued  fasteners)  was  about  0.0031  inch.  Displacements  for  Specimens  4.6A-1 
through  -4  (with  clearance-fit,  low-torque  fasteners)  were  significantly  higher. 
Data  from  Specimens  4.6A-1,  -2,  -3,  and  -8  indicate  that  the  initial  displace- 
ment range  was  higher  than  the  steady-state  value. 

Note  that  the  steady-state  value  of  displacement  range  for  Specimen  4.6A-3 
was  about  0.0047  inch,  while  those  of  4.6A-1,  -2,  and  -4  were  about  0.0063  to 

0. 0075  inch.  This  lower  displacement  value  is  consistent  with  the  unexpectedly 
long  life  for  this  specimen,  since  the  lower  the  displacement  range,  the  lower 
the  strain  range  in  the  doublers,  and  consequently  the  longer  the  crack  growth 
life  in  the  doublers. 

Strain  gages  were  installed  on  Specimen  4.6A-8  to  detect  initial  strain 
nonuniformities  and  to  observe  changes  in  local  strains  as  cracking  developed. 
Figure  71  summarizes  these  strain  gage  results. 

The  numbers  in  parentheses  are  normalized  values  of  the  strain  range 
equal  to  E Ae/AS,  where  E = 10^  psi  and  AS  = 15,300  psi.  If  the  strain 
distribution  had  been  completely  uniform,  the  normalized  strain  range  values 
would  all  have  been  1.0.  Note  by  comparison  of  the  initial  readings  of  Gages 

1,  2,  and  3 that  there  appears  initially  to  have  been  both  in  in-plane  and 
transverse  bending  in  this  particular  specimen.  Interestingly,  a fretting 
crack  eventually  originated  at  the  faying  surface  near  Gage  1,  although  the 
Gage  2 strains  were  consistently  30  percent  higher  than  the  Gage  1 strains. 
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N - 10,000  TO  15,000  CYCLES 


Figure  71.  Strain  Gage  Results,  Double  Lap  Joint 
Specimen  4.6A-8  (Sheet  1 of  2) 
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Figure  71.  Strain  Gage  Results,  Double  Lap  Joint 
Specimen  4.6A-8  (Sheet  2 of  2) 
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Note  also  that  the  average  strain  range  from  Gages  1,  2,  and  3 is  only 
0.84,  not  1.0.  Since  these  gages  are  on  the  outer  surface,  this  suggests  the 
possibility  that  each  doubler  bent  individually  and  that  perhaps  the  tension 
stress  was  approximately  uniform  across  the  width  but  the  bending  stress  was 
not.  Thus,  at  the  faying  surface  beneath  Gage  1 the  normalized  initial  strain 
range  might  have  been  1.18,  (2.0  - 0.82)  whereas  beneath  Gage  2 it  might  have 
been  0.86  (2.0  - 1.14).  This  would  be  consistent  with  the  location  of  the 
fretting  crack  origin. 

1.2  Single  Lap  Joint  Tests 

Figure  72  is  a plot  of  the  crack  growth  data  on  the  six  single  lap  joint 
specimens.  All  fasteners  in  specimens  4.7-1  through  -4  are  clearance  fit 
with  finger- tight  torque.  All  fasteners  in  specimens  4.7-5  and  -6,  except  the 
one  in  the  precracked  hole,  are  interference  fit  with  standard  torque.  There 
are  continuing  damage  flaws  in  duplicate  specimens  -2  and  -3,  but  none  in 
duplicates  -1  and  -4.  Specimen  -5  has  a second  precrack  in  Row  1 of  the 
doubler  but  is  otherwise  the  same  as  -6.  Since  only  the  skin  cracks  grow  in 
Row  1,  specimens  -5  and  -6  can  also  be  regarded  as  duplicates. 

Compare  the  curves  for  specimens  4.7-2  and  -3  with  those  of  -1  and  -4. 
There  is  no  apparent  effect  of  the  secondary  continuing  damage  flaws  on  the 
growth  rate  of  the  main  crack. 

However,  comparing  these  four  to  the  curves  for  specimens  4.7-5  and  -6, 
there  is  a significant  effect  of  the  torque  and  interference  of  the  secondary 
fasteners  on  the  growth  rate  of  the  primary  crack. 

A specimen  life  comparison  is  made  in  Figure  73  between  the  predicted 
life  and  the  actual  test  life  of  the  different  conditions.  The  predictions 
of  crack  growth  across  the  first  ligament  (between  adjacent  fasteners)  is 
compared  to  the  test  data  in  Figure  72. 

When  clearance-fit  low-torque  fasteners  are  used,  the  specimen  life  is 
not  significantly  affected  by  the  initial  damage  condition.  This  is  clearly 
shown  by  examining  the  predictions  and  test  data  in  each  figure.  According 
to  the  test  results  as  well  as  the  predictions,  the  use  of  interference-fit, 
fully  torqued  fasteners  increased  the  specimen  life  by  about  50  percent. 
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Figure  73.  Predicted  and  Actual  Crack  Growth  Lives, 
Single  Lap  Joint  Specimens 


175 


The  predictions  for  the  single  lap  joint  specimens  tend  to  be 
unconservative,  overestimating  crack  growth  lives  by  a factor  of  roughly  1.5. 

The  most  likely  explanation  is  that  the  transverse  bending  stresses  have  been 
inadequately  considered  in  the  prediction. 

The  strain  gage  measurements  on  Specimen  4.7-3  indicated  that  substantial 
transverse  bending  occurred  in  the  single  lap  joint  specimen  despite  the  lateral 
constraints  shown  in  Figure  61,  Section  VI. 

The  bending  strains  were  measured  on  Gages  2 and  3 which  were  mounted  back 
to  back  as  shown  in  Figure  74.  The  number  in  parentheses  alongside  each  gage 
is  the  normalized  strain  range,  E Ae/AS  (where  E = 10^  psi  and  AS  = 15,300  psi) . 
Gage  3,  located  on  the  faying  surface  side  of  the  skin  just  below  the  end  of 
the  doubler,  had  an  initial  normalized  value  of  1.43. 

Figure  75,  which  summarizes  the  strain  gage  results  from  Specimen  4.7-7, 
a Phase  II  single  lap  joint  specimen,  confirms  the  presence  of  bending  strains. 
This  specimen  was  the  same  configuration  as  4.7-3  but  the  fasteners  were  inter- 
ference-fit, f ully-torqued  protruding  head  Hi-loks.  Back-to-back  Gages  1 and 
5 indicate  that  transverse  bending  causes  a 30  to  40  percent  increase  in  the 
peak  value  of  the  strain  range  in  the  faying  surface  side  of  the  strain. 

Thus,  the  bending  in  the  single  lap  shear  joint  specimen  apparently  in- 
creases the  peak  tension  stress  by  about  40  percent  in  the  skin  at  the  faying 
surface.  Using  as  a rule  of  thumb 
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the  stress  factor  of  1.4  would  increase  the  crack  growth  rates  by  a factor 
of  3.0. 

It  is  evident  from  Figures  72  and  73  that  when  the  bending  stresses  are 
neglected,  the  crack  growth  rates  are  underestimated.  However,  if  it 
were  assumed  in  computing  da/dN  that  the  effective  uniform  stress  is  the 
applied  tension  plus  the  peak  induced  bending  stress,  the  crack  growth  rates 
would  be  overestimated,  as  they  were  in  the  double  lap  joints. 
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Figure  74.  Strain  Gage  Results,  Single  Lap  Joint  Specimen  4.7-3 
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Figure  75.  Strain  Gage  Results,  Single  Lap  Joint  Specimen 


2.  DISCUSSION  OF  RESULTS  FROM  PHASE  I 


The  greatest  error  in  predictions  was  in  estimating  crack  arrest  periods 
for  the  double  lap  joints.  Figure  76  compares  predicted  and  actual  crack 
arrest  periods  at  the  interference-fit  fully-torqued  fasteners  in  the  immedi- 
ate path  of  the  preflaw.  The  crack  arrest  period  is  defined  as  the  number  of 
cycles  from  the  time  of  crack  arrest  at  the  hole  until  reinitiation  on  the 
opposite  side  of  the  hole  or,  if  the  crack  does  not  reinitiate,  until  specimen 
failure.  In  most  of  the  double  lap  joint  cases  the  crack  did  not  reinitiate 
and  failure  occurred  by  fretting  nearby.  The  theory  and  baseline  data  failed 
to  predict  the  long  crack  arrest  periods  for  these  double  lap  joints. 

The  applicable  baseline  crack  initiation  data  consisted  of  the  results 
from  two  one  and  one-half  dogbone  specimens  (Specimens  2B-2-4  and  2B-1-3, 

Table  9).  The  specimen  configuration  is  shown  in  Figure  34.  Each  specimen 
had  a fully-torqued  0.375-inch  diameter  interference-fit  protruding-head  Hi-lok 
fastener.  It  is  significant  to  note  that  anti-friction  teflon  tape  was 
placed  in  the  faying  surface  of  these  specimens  to  prevent  fretting  and 
force  the  failure  to  occur  at  the  fastener  hole  instead.  It  was  originally 
intended  that  the  tape  be  placed  on  the  leading  edge  of  the  1/2-dogbone  com- 
ponent only.  However,  the  tape  was  inadvertently  placed  across  the  entire 
faying  surface.  Thus,  these  baseline  test  results  failed  to  adequately  re- 
flect the  life-extending  benefits  of  faying  surface  friction  for  a non- 
lubricated  joint.  In  that  light,  these  tests  were  inadequate  for  the  analyti- 
cal purpose  used. 

Long  crack  arrest  periods  were  not  always  observed,  as  seen  in  Figure  76. 
The  crack  arrest  periods  are  very  long  for  the  double  lap  joint  specimens  with 
protruding  head  fasteners  but  very  brief  for  the  single  lap  joint  specimens 
with  flush  head  fasteners. 

A notable  crack  growth  sequence  occurred  in  Specimen  4.6.A-5,  a thick 
double  lap  joint  specimen  with  0.050-inch  precracks  in  both  doublers.  A plot 
of  the  crack  growth  history  for  the  collar-side  doubler  of  this  specimen  is 
shown  in  Figure  77.  Typical  of  all  specimens  the  initial  crack  grew  from 
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Figure  76.  Comparison  of  Arrest  Times  at  the  Torqued, 

Interference-Fit  Fastener  in  the  Precrack  Path 
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Fastener  Number  3 to  Fastener  4 and  arrested  in  63,000  cycles.  Since 
Fastener  3 was  an  untorqued  clearance  fit  fastener,  a secondary  crack  initiated 
on  the  unflawed  side  of  Fastener  3 and  grew  to  Fastener  2 and  arrested  at 
112,500  cycles.  Continued  cycling  produced  no  further  evidence  of  damage  until 

149.000  cycles,  when  it  was  noted  that  cracks  had  developed  in  the  aluminum 
Hi-lok  collars  of  both  Fastener  2 and  Fastener  4.  A mere  5000  cycles  later  at 

154.000  cycles,  a reinitiated  crack  appeared  on  the  opposite  side  of  Fastener 
4.  This  crack  grew  slowly  across  the  ligament  and  arrested  at  Fastener  5 at 

165.000  cycles.  Specimen  failure  occurred  within  800  cycles,  but  not  before 
a crack  had  also  reinitiated  at  Fastener  2 beneath  the  other  cracked  collar 
and  propagated  across  the  ligament  to  Fastener  1. 

Figure  78  is  a photograph  of  a portion  of  the  fracture  surface  from  this 
specimen,  showing  the  collar  crack  at  Fastener  4.  Note  the  fretting- induced 
surface  flaw  in  the  head-side  doubler.  Fretting  flaws  of  this  type,  located 
on  the  split  line  of  the  joint  just  above  Fastener  4,  contributed  to  the 
failures  of  all  four  of  the  thick  double  lap  joint  specimens  with  fully- 
torqued  interference-fit  fasteners. 


Figure  78.  Specimen  4.6A-5:  Cracked  Collar  and  Fretting- Induced 
Surface  Flaw 
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In  five  of  the  six  double-lap  joints  with  clearance  fit,  finger- tight 
fasteners,  cracks  initiated  during  the  test  at  fastener  locations  remote 
from  the  main  propagating  crack.  So  many  of  these  random  initiations 
occurred  in  Specimen  4 ,65-2,  in  fact,  that  the  final  failure  occurred  in 
fastener  Row  3 rather  than  in  Row  2.  (Rows  2 and  3 are  nominally  identical 
except  that  preflaws  are  induced  in  Row  2). 

The  test  data  seemed  to  emphasize  two  main  points  about  crack  growth  in 
mechanically  fastened  joints.  First,  there  appears  to  be  little  sensitivity 
to  variations  in  initial  flaw  conditions.  On  the  other  hand,  there  appear  to 
be  major  effects  of  fastener  torque  in  slowing  down  and  arresting  fatigue 
cracks.  While  effects  of  torque  on  fatigue  initiation  have  been  discussed  in 
the  literature,  the  large  affect  of  fastener  torque  on  the  crack  growth  and 
reinitiation  had  not  been  previously  recognized. 

2 . 1 Insensitivity  to  Initial  Flaw  Conditions 

For  joints  with  finger- tight , clearance-fit  fasteners  and  a 0.050-inch 

initial  fatigue  crack,  the  fatigue  crack  initiation  periods  at  each  (unflawed) 

fastener  hole  are  short  compared  to  the  propagation  period  of  the  one  crack 

growing  from  hole  to  hole  across  the  joint.  Cracks  therefore  initiate 

independently  at  several  fastener  locations  during  the  test.  Because  of  this, 

for  clearance-fit  undamped  joints  there  was  no  significant  difference  in  life 

between  specimens  with  simulated  0.005-inch  continuing  damage  flaws  and  similar 

specimens  without  continuing  damage  flaws.  This  conclusion,  however,  must  be 

understood  to  be  valid  only  at  stress  levels  equal  to  or  greater  than 

S = 17,0  ksi,  R = 0.1.  At  lower  stresses  than  used  here,  initial  flaw 
max 

conditions  may  play  a more  significant  role. 

Consider  for  example,  the  hypothesis  that  lower  stress  levels  would  have 
magnified  the  effects  of  continuing  damage  flaws.  Fatigue  tests  of  the 
crack-growth-along-a-row-of-holes  specimen,  shown  in  Figure  10,  run  prior  to 
the  start  of  this  program  (Ref,  9),  had  long  arrest  times  at  each  hole, 
creating  the  impression  that  continuing  damage  flaws  (which  would  reduce  this 
arrest  time)  would  significantly  shorten  the  total  crack  growth  life.  This 
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life  reduction  would  occur  even  if  the  continuing  damage  flaws  were  not  placed 

at  the  critical  locations  on  the  opposite  side  of  the  precracked  hole.  These 

tests  were  run  at  low  cyclic  stresses,  (R  = 0.1  and  S =10  ksi  or  13.8  ksi) . 

max 

Analyses  of  this  specimen  for  R = 0.1  and  = 12  ksi  and  20  ksi  are  shown 

in  Figure  79.  The  scale  of  the  abscissa  has  been  chosen  so  that  the  cycles 
for  the  0.05-inch  crack  to  grow  to  the  adjacent  hole  align  visually  for  both 
stress  levels.  As  the  figure  shows,  the  reinitiation  times  are  more  signifi- 
cant at  the  lower  stress  level  and  thus  the  continuing  damage  flaws  have  more 
impact  on  crack  growth  life  at  12  ksi  than  at  20  ksi. 

For  specimens  with  interference  fit,  f ully-torqued  fasteners  everywhere 
(except  at  the  location  of  the  precracks,  where  a clearance  fit,  untorqued 
fastener  was  always  used)  there  was  no  significant  difference  in  life  between 
specimens  with  multiple  initial  cracks  (cracks  in  all  members  at  a common 
fastener  hole)  and  single  initial  cracks.  In  the  single  lap  joint  specimens 
this  was  expected:  The  stresses  are  much  lower  in  the  doubler  than  in  the 
skin  along  the  row  of  fasteners  where  the  precrack  was  introduced  so  the 
doubler  crack  does  not  grow.  In  the  double  lap  joint  specimens  the  specimen 
life  was  so  strongly  dominated  by  clamp-up  and/or  interference  effects  that 
multiple  flaw  effects,  if  present,  were  not  identifiable.  That  is  in  the 
test  comparing  single  versus  multiple  flaws  in  which  the  nonprecracked  holes 
had  fully-torqued  interference-fit  fasteners,  the  final  failure  was  precipi- 
tated by  either  fretting  cracks  or  collar  failures,  and  thus  the  multiplicity 
of  flaws  had  little  or  no  effect. 

Had  a comparison  between  single  and  multiple  crack  configurations  with 
all  clearance-fit  untorqued  fasteners  been  made,  it  is  probable  that  little 
difference  would  have  been  observed  as  well,  because  of  relatively  rapid 
crack  initiation  and  relatively  slow  crack  growth.  However,  that  conclusion 
would  be  stress  dependent  as  just  discussed. 
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Figure  79.  Analytical  Crack  Growth  Predictions, 
Hole-to-Hole  Specimen 
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2.2  Effects  of  Fastener-Head  Friction  on  Crack  Arrest 


The  fatigue  life  of  the  double  lap  joints  with  interference-fit,  fully- 
torqued  protruding-head  fasteners  is  much  longer  than  predicted  and  much 
longer  than  comparable  specimens  with  untorqued  clearance-fit  fasteners.  Much 
of  the  difference  is  attributable  to  the  nearly  certain  and  permanent  crack 
arrestment  at  the  f ully-torqued , interference-fit  fasteners  on  either  side  of 
the  preflawed  fastener  hole.  Predictions  based  on  the  stress  severity  concept 
and  baseline  data  on  two  one  and  one-half  dogbone  specimens  with  a fully- 
clamped  interference  fit  protruding -head  fastener  and  teflon  tape  in  the 
faying  surface  had  been  used  to  predict  reinitiation  times  of  about  6000  cycles 
for  these  arrested  cracks.  In  contrast  these  arrested  cracks  were  subjected 
to  approximately  100,000  cycles  without  reinitiation,  the  final  failures 
occurring  due  to  nearby  fretting  cracks  like  the  one  shown  in  Figure  78. 

Positive  crack-closing  due  to  friction  beneath  the  fastener  head  or 
collar  of  the  fully-torqued , crack-arresting  fastener  is  hypothesized  to  be 
the  necessary  condition  for  long  periods  of  crack  arrestment  such  as  were 
observed  in  the  double  lap  joints.  Best  evidence  for  this  is  the  crack- 
ing history  of  Specimen  4.6A-5,  Figure  78,  where  the  crack  arrested  at 
Fastener  Number  4 and  did  not  reinitiate  for  86,000  cycles,  when  a radial 
crack  developed  in  the  collar.  The  collar  cracking  was  evidence  of  substan- 
tial cyclic  load  transfer  by  friction  between  the  collar  and  the  cracked 
doubler  piece.  This  frictional  force  reduced  the  cyclic  deformation  of  the 
arrested  crack  near  its  tip,  prolonging  the  reinitiation  time.  When  finally 
the  collar  cracked  it  was  free  to  deform  compatibly  with  the  cracked  doubler; 
the  cyclic  friction  force  dropped  off;  and  reinitiation  was  able  to  occur  in 
a relatively  few  cycles. 

At  full  clamp-up  the  0.375-inch  diameter  fastener  has  a nominal  bolt 
tension  of  approximately  3575  pounds.  If  the  coefficient  of  friction  is  0.26, 
this  corresponds  to  a total  friction  force  capability  of  930  pounds.  Thus 
the  collar  could  exert  about  465  pounds  of  force  on  each  side  of  the  arrested 
crack  and  on  each  face  of  the  0.182-inch  doubler  to  resist  the  cyclic  deforma- 
tion of  the  crack. 
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Consider  the  problem,  sketched  in  Figure  80,  of  a crack  arrested  at  a 
fastener  hole  of  radius  in  a sheet  of  thickness  t.  The  main  component  of 
the  stress  cr^  at  point  P at  the  edge  of  the  hole  is  due  to  the  remote  stress. 
The  solid  line  in  Figure  80  depicts  the  time  history  of  this  component  when 
the  remote  stress  is  cycled  at  a range  ratio  of  0.1. 

Assume  a fastener  is  present  in  the  hole,  and  the  fastener  torque  has  put 
an  axial  preload  of  magnitude  in  the  fastener.  This  will  create  a distri- 
buted frictional  force  around  the  hole  periphery.  When  the  remote  load  is 
cycled  the  direction  of  the  frictional  force  is  always  so  as  to  oppose  the 
motion  of  the  crack  surfaces.  When  the  remote-load  and  frictional-load  effects 
are  combined,  the  time  history  of  the  stress  at  the  edge  of  the  notch  is 
reduced  to  the  magnitude  shown  by  the  dashed  line  in  Figure  80. 

Note  that  both  the  minimum  and  the  maximum  of  the  cycle  are  truncated  due 
to  the  frictional  force.  The  magnitude  of  the  averaged-through-the-thickness 
friction-imposed  change  in  the  stress  at  the  edge  of  the  notch  is  approximately 

proportional  to  P.,/ (R  t)  : 

N o 


s = P 

f f R t 


(88) 


The  nondimensional  factor  depends  on  the  coefficient  of  friction 
and  the  unknown  distribution  of  the  frictional  force.  Assuming  a uniform  dis- 
tribution across  the  hole  diameter  on  both  faces  of  the  sheet,  the  theoretical 

2fjLf 

relationship  = --  can  be  derived  from  Equation  (47)  and  from  the  stress 
intensity  factor  solution  on  page  3.7  of  Reference  43.  A friction  coefficient 
of  about  0.26  is  found  by  setting  a fastener  or  collar  on  the  surface  of  an 
aluminum  sheet,  tilting  the  sheet  until  sliding  occurs,  and  measuring  the 
tangent  of  the  angle  with  the  horizontal.  Using  this  value  p^  is  approximated 
as  0.166.  However,  a preferred  way  of  measuring  p^  is  empirically  using  appro- 
priate fatigue  data. 

An  appropriate  series  of  supplementary  baseline  fatigue  tests  was  con- 
ducted to  measure  the  crack-arrest  capability  of  a fully-torqued  Hi-lok 
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Figure  80,  Reduction  of  Cyclic  Notch  Stress  by  Friction 
Beneath  the  Head  of  a Torqued  Fastener 
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fastener.  These  tests  are  summarized  in  Table  17.  The  modified  compact 
tension  specimen  with  W = 5.0  inches  was  used.  In  specimens  N-1,  N-2,  A,  B, 
and  C,  the  0.25-inch  diameter  hole  was  at  the  end  of  the  slot,  and  in  speci- 
mens A,  B,  and  C,  a f ully-torqued  clearance  fit  fastener  was  inserted  in 
the  hole.  In  specimens  D,  E,  and  F,  a ligament  of  material  of  length 

= 0.25  inch  was  left  between  the  end  of  the  slot  and  the  edge  of  the  hole, 
and  a f ully-torqued  interference-fit  fastener  was  inserted  in  the  hole.  (The 
0.25-inch  ligament  broke  after  a few  hundred  cycles,  which  were  not  included 
in  the  tabulated  crack  initiation  times.)  In  specimens  B through  F a square 
washer  1 x 1 x 0.182  inch  was  used  to  simulate  the  fastening  of  a cracked 
member  to  an  uncracked  member. 

The  test  results  are  shown  in  the  last  column  of  Table  17.  The  presence 
of  the  fully-torqued  fastener  improved  the  fatigue  life  significantly  in  all 
cases  (by  factors  ranging  from  2.0  to  36.2).  Of  all  tests  with  fasteners. 
Specimen  C with  a flush-head  clearance-fit  fastener  had  the  shortest  life, 

16,500  cycles.  However,  this  result  may  be  misleading  due  to  the  fact  that 
b^  was  zero.  The  reason  for  having  b^  equal  to  0.25  inch  in  specimens  D,  E 
and  F was  to  allow  the  fastener  interference  to  be  developed  properly. 

However  with  b^  equal  to  zero,  the  tapered  head  of  the  fastener  in  specimen  C 
would  simply  spread  the  hole  upon  installation  in  a manner  unlike  anything 
actually  seen  on  the  structure,  thus  significantly  affecting  the  reliability 
of  the  specimen  C result.  Specimen  D with  an  interference-fit  flush-head 
fastener  had  a substantially  longer  life,  140,160  cycles. 

These  test  results  substantiate  that  friction  under  the  head  of  a torqued 
fastener  is  responsible  for  significant  extensions  in  crack  initiation  time 
when  a crack  arrests  at  the  fastener  hole.  However,  there  are  insufficient 
data  from  these  6 tests  to  confidently  identify  consistent  differences  in  the 
crack-arrest  capabilities  of  protruding  heads,  flush  heads  and  aluminum  collars. 

The  geometric  mean  life  of  specimens  A through  F was  88,900  cycles,  com- 
pared to  8,100  cycles  for  the  identical  open-hole  specimens,  N-1  and  N-2,  a 
factor  of  11.0  improvement  in  life  due  to  fastener  torque.  This  extended 
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TABLE  17.  MODIFIED  COMPACT  TENSION  SPECIMEN  FATIGUE  TESTS 
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(MODIFIED  CT  SPECIMEN) 


life  can  be  used  to  estimate  the  constant  in  Equation  (88)  and  thereby 

account  for  fastener  head  friction  in  the  analysis.  By  interpolation  in 

Table  11,  the  value  of  corresponding  to  a life  of  88,900  cycles 

is  64.64  ksi.  The  remotely-applied  values  of  k S and  k S . are  113.4  ksi 

t max  t min 

and  11.34  ski  respectively.  To  reflect  the  effects  of  friction  it  is 

necessary  to  subtract  S-  from  k S and  add  to  k S . , as  seen  in  Figure 

ft  max  f t min  ® 

73.  Then,  using  m = 0.5,  substituting  into  Equation  (52),  and  squaring 
both  sides,  the  following  quadratic  equation  for  is  obtained: 

64.46^  = (113.4  - S^)[(113.4  - S^)  - (11.34  + S^)]  (89) 

From  this,  = 27  ksi  is  obtained.  Then  from  Equation  (88)  with 

= 1.865  kips  and  t = 0.182  inch,  is  estimated  to  be  0.33.  This  test 
result  is  about  twice  as  high  as  the  previous  approximation.  This  is  to  be 
expected  due  to  the  conservative  elements  in  the  approximation,  for  example, 
it  is  assumed  that  the  friction  force  produces  a uniform  stress  through  the 
thickness,  whereas  it  probably  concentrates  its  effect  at  the  surface  where 
the  flaws  reinitiate. 

The  above  results  (p^  = 0.33)  can  be  used  to  estimate  reinitiation  times 
of  arrested  cracks  in  joints.  An  effective  notch  stress  is  estimated  from 
Equation  (5),  except  that  p=  1.0  is  used.  This  cyclic  stress  corresponds  to 
the  solid  line  in  Figure  80.  The  reduction  in  stress  due  to  fastener  clamp-up 
is  calculated  from  Equation  (88).  In  the  double  lap  joints  for  example, 

0.375  inch  diameter  fasteners  are  used,  t = 0.182  inch,  and  = 3.575  kips 
so  = 34.5  ksi.  This  is  subtracted  from  the  maximum  and  minimum  cyclic  notch 
stresses  S\  found  by  means  of  Equation  (5),  and  Table  11  is  used  to  estimate  the 
crack  reinitiation  times.  Unfortunately,  the  estimates  are  again  too  short  by 
a factor  of  about  10  compared  to  the  data.  This  result  is  essentially  the  same 
as  had  been  obtained  by  the  stress  severity  factor  equation,  Equation  (5), 
with  p=  0.635  for  fully-torqued  interference  fit  fasteners. 

The  clamp-up  of  the  joint  leads  to  load  transfer  by  faying  surface  fric- 
tion, making  the  stresses  along  the  precracked  fastener  row  much  milder  than 
assumed  in  the  analytical  model.  The  method  described  above  is  sensitive  to 


191 


small  reductions  in  stress  magnitude  because  it  involves  the  subtraction  of  a 
relatively  large  stress  term,  S^.  Thus  if  the  "remote  stress"  term  in 
Figure  73  were  appropriately  reduced  to  account  for  load  transfer  by  faying 
surface  friction  prior  to  subtraction  of  S^,  the  predicted  crack  reinitiation 
times  would  probably  correlate  more  accurately.  Faying  surface  friction  is 
discussed  in  Section  VII,  Paragraphs  2.3  and  2.4.  However  it  is  worth  noting 
here  that  faying  surface  friction  can  transfer  over  40  percent  of  the  load 
in  these  tests.  This  large  a reduction  can  easily  account  for  the  factor 
of  10  error  in  reinitiation  time  predictions. 

It  seemed  significant  in  view  of  the  short  crack  reinitiation  times  and 
test  lives  of  the  single  lap  joints  compared  to  the  double  lap  joints  that 
the  single  lap  joints  had  flush-head  fasteners.  The  tests  described  above 
appear  to  show  some  superiority  of  the  protruding  head  fastener.  However, 
the  flush-head  fastener  seems  capable  of  some  degree  of  crack  arrestment  by 
friction  beneath  the  head.  The  significance  of  fastener  head  type  was  further 
investigated  by  testing  single  lap  joints  during  Phase  II,  as  discussed  in 
Section  VII,  Paragraph  3.1. 

The  crack  arrestment  capability  of  fasteners  has  been  used  in  the  testing  of 
the  stringer-reinforced  specimens  as  discussed  in  Section  VIII.  In  19  of  these 
specimens  the  skin  crack  growing  away  from  the  stringer  began  growing  at  a 
high  fatigue  rate.  It  was  desired  to  postpone  instability  of  this  crack  and 
allow  time  for  secondary  damage  to  initiate  and  grow  in  the  region  near  the 
stringer.  Therefore,  the  skin  crack  was  stop  drilled  and  a fully- torqued 
0.375  inch  clearance-fit  protruding -head  steel  Hi-lok  fastener  was  inserted  in 
the  hole.  (A  stack  of  steel  washers  had  to  be  used  between  the  collar  and  the 
specimen  surface  because  the  shank  length  of  the  shortest  available  0.375  diam- 
eter Hi-lok  was  more  than  the  sheet  thickness.)  In  all  19  cases  the  crack 
was  arrested  very  effectively  by  this  procedure. 

2.3  Faying  Surface  Friction  Effects 

Faying  surface  friction  also  appears  to  have  been  important  in  prolonging  the 
life  of  the  joint  specimens.  The  crack  growth  rates  were  much  slower  in 
clamped  joints  than  undamped.  The  implication  is  that  much  of  the  load  is 
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transferred  by  friction  between  the  doubler  and  the  skin  at  points  beyond  the 
plane  of  cracking,  so  that  the  nominal  stress  in  the  plane  of  cracking  is  lower 
than  expected. 

The  predictions  of  crack  growth  and  reinitiation  times  for  cracks  arrested 
at  fastener  holes  in  the  double  lap  joint  specimens  were  conducted  neglecting 
faying  surface  friction.  All  the  load  transfer  was  assumed  to  be  by  shear  in 
the  fasteners.  When  the  Hi-lok  fasteners  were  fully  torqued,  the  actual  crack 
growth  rates  and  crack  reinitiation  rates  were  much  slower  than  predicted.  One 
possible  reason  for  this  consistent  conservatism  in  prediction  is  the  faying 
surface  friction. 

A special  test  was  conducted  in  a related  program  (Reference  71)  to 
measure  faying  surface  friction  as  a function  of  fastener  torque.  The  thick 
double  lap  joint  specimen  configuration  shown  in  Figure  2 was  used.  The 
specimen  was  not  precracked.  The  nominal  fastener  hole  diameter  was  0.385  inch 
for  all  holes,  creating  a 0.010  inch  diametrical  clearance  for  the  0. 375-- inch 
protruding  head  Hi-lok  fasteners. 

The  test  procedure  was  as  follows.  With  the  fasteners  in  place  but  the 
collars  loose,  the  joint  was  gently  compressed  to  slide  the  fasteners  into  the 
position  shown  in  Figure  81.  All  fasteners  were  equally  torqued  to  a pre- 
assigned torque,  ranging  from  30  inch-pounds  to  the  full  break-off  torque  of 
approximately  200  inch-pounds.  A tensile  load  was  applied  monotonically  and 
a load-displacement  record  made.  (Displacement  is  as  measured  from  C.O.D. 
gages  placed  across  the  gap  between  the  two  0.3750  inch  skin  pieces,  as  shown 
in  Figure  81.)  The  load  was  removed  and  the  fasteners  loosened.  The  test  was 
repeated  for  a new  torque  value. 

Figure  82  shows  a typical  load-displacement  record.  As  the  load  was 
increased,  small  gap-opening  displacements  occurred  due  to  elastic  deformations 
of  the  joint.  Then  at  a load  of  about  6.5  kips  the  displacements  suddenly 
changed.  This  sudden  change  indicated  that  the  minimum  faying  surface  friction 
forces  had  been  overcome  and  slip  was  occurring  between  the  skin  and  the  doublers. 
As  Figure  81  shows  there  were  initially  four  independent  0.010-inch  gaps  between 
the  fasteners  and  the  bearing  surfaces  of  the  holes,  so  that  the  total  possible 
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Figure  81.  Side  Sectional  View  of  Precompressed  Joint  Prior  to  Tension  Test 
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Figure  82.  Load-Displacement  Curve  for  Faying  Surface  Slip  Test,  Double  Lap  Joint 


slip  was  about  0.040  inch.  The  friction  load  required  to  complete  the  slip 
process  was  higher  than  the  load  required  to  initiate  it.  At  a load  of  about 
11  or  11.5  kip  and  after  slightly  more  than  0.040  inch  of  slip,  the  slope  of 
the  load-deflection  curve  was  again  steep.  This  suggested  that  the  slip  process 
was  complete.  Thus  for  a fastener  torque  of  70  inch-pounds,  the  upper  and 
lower  estimates  for  the  total  friction  forces  in  the  joint  are,  respectively, 
11.3  and  6.5  kips. 

The  results  of  this  series  of  tests  are  plotted  in  Figure  83.  A straight 

line  is  fitted  to  the  lower  estimates  of  friction  force  as  a function  of 

fastener  torque.  At  full  break-off  torque  the  lower  estimate  of  friction 

force  is  23.5  kips.  This  is  42  percent  of  the  55.7-kip  load  corresponding 

to  S =17  ksi,  the  maximum  stress  used  in  the  fatigue  test  of  these  ioints. 
max  ^ 

Note  that  the  marking  cycles  discussed  in  Section  II,  Paragraph  2.1  “ 

17.0  ksi,  R = 0.82)  have  such  a low  applied  load  range  ( AP  =10.0  kip)  the 
entire  cyclic  deformation  during  marking  occurs  by  faying  surface  friction. 

This  leads  to  much  milder  cyclic  stress  intensity  factors  than  would  occur  by 
cyclically  loading  through  the  fasteners,  as  assumed.  Consequently  there  was 
no  detectable  growth  during  marking  cycles  in  the  joint  specimens. 

The  growth  rate  of  corner  cracks  from  loaded  holes  is  sensitive  to  the 
magnitude  of  the  fastener  load.  One  first-order  way  to  consider  faying  sur- 
face friction  effects  would  be  to  assume  that  all  fastener  loads  are  reduced 
equally  by  the  percentage  amount  of  the  friction  force.  Accordingly,  all  the 
fastener  loads  would  be  assumed  to  be  reduced  by  42  percent  when  the  fasteners 
are  fully  torqued.  The  friction  load  would  be  assumed  to  be  uniformly  induced 
throughout  the  area  of  contact.  This  would  undoubtedly  improve  the  accuracy 
of  crack  growth  computations  for  small  cracks. 

The  double-lap  joint  tests  appeared  to  show  sensitivity  to  friction  effects. 
It  should  be  added  that  in  actual  aircraft  joints  faying  surface  sealant  is 
sometimes  used,  or  fasteners  are  installed  wet.  These  could  have  quantitative 
effects  not  covered  in  this  test  program,  as  discussed  in  the  following. 
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Figure  83.  Effect  of  Fastener  Torque  on  Faying  Surface  Friction 
Force  in  the  Double  Lap  Shear  Joints 
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2 . A Effects  of  Faying  Surface  Sealant,  Environment,  and 

Compressive  Stressing 

Fatigue  tests  of  ten  precracked  double  lap  joints  were  conducted  under 
other  funding  and  reported  in  Reference  71.  The  purpose  of  these  tests  was 
to  investigate  the  effects  of  the  following  variables: 

• Interference-fit  fully-torqued  fasteners  versus  clearance-fit 
lightly-torqued  fasteners. 

• Sealant  on  the  faying  surface  and  fastener  shank  versus  no  sealant. 

• Immersion  in  3.5  percent  NaCl  Solution  and  a cyclic  rate  of  f = 0.2  Hz 
versus  laboratory  air  environment  and  f = 4 Hz. 

• Tension-tension  cycling  (R  = 0.1)  versus  compression-tension  cycling 
(R  = -0.6),  at  equal  values  of  effective  stress  AS,  where  (Refer- 
ences 67-68) 

A?  = S [1  - MAX  (R,  R )]“  (90) 

max  c 

For  7075-T6  Aluminum,  m = 0.5  and  critical  range  ratio  R = -0.12. 

Q 

The  function  MAX  takes  the  value  of  the  larger  of  its  arguments. 

In  order  to  provide  a basis  for  direct  comparison  of  the  test  data,  details 
of  the  test  program  were  carefully  planned  so  as  to  use  the  same  lot  of  material, 
specimen  configuration,  initial  flaw  size,  and  stress  level  as  used  in  this 
contract  research  program.  In  addition,  the  same  personnel,  procedures  and 
facilities  were  used  for  specimen  machining,  precracking,  assembly  and  fatigue 
testing.  Fabrication  procedures  were  as  summarized  in  Section  VI,  Paragraph  1. 

Table  18  summarizes  the  test  matrix.  Ten  double  lap  joint  specimens 
with  0.050-inch  initial  corner  cracks  were  fabricated.  In  addition,  data  from 
four  specimens  from  Phase  I,  Specimens  4.6A-3,  -4,  -5  and  -6,  were  directly 
applicable  for  data  comparisons. 

Test  scatter  was  reasonably  low  in  the  Phase  I testing  discussed  earlier. 
Therefore  in  this  test  program  it  was  possible  to  test  one  specimen  at  each 
condition,  yet  feel  confident  that  the  scatter  would  not  obscure  the  actual 
test  variable  effects. 
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TABLE  18.  TEST  PLAN  FOR  PRECRACKED  DOUBLE  LAP  JOINTS 
FROM  REFERENCE  71 


Tension-Tension 

S = 17.0  ksi,  R = 0.1 

max 

Compression-Tension 

S = 15.25  ksi,  R = -0.6 

max 

Fastener/Precrack  Condition,  Figure  5: 

B C B C 

Laboratory  Air 

No  Sealant 

f = 4 Hz 

4.6A-3^^^  4.6A-5^^^ 
4.6A-4^^^  4.6A-6‘'^^ 
4.6A-12 

4.6A-11  4.6A-13 

Laboratory  Air 

Sealant 

f = 4 Hz 

4 . 6A-15 

4.6A-14  4.6A-20 

4.6A-16  4.6A-17 

3.5%  NaCl 

Sealant 

f = 0.2  Hz 

4.6A-18 

4.6A-19 

(1)  Tested  in  Phase  I of  this  program. 

Figure  84  summarizes  the  crack  growth  lives.  There  are  several  conclu- 
sions that  can  be  drawn  from  this  figure. 

Compression-tension  cycling  effects  seem  to  be  adequately  covered  by  the 
effective  stress  concept,  Equation  (90).  Five  comparisons  can  be  made  between 
test  lives  for  identical  test  specimens  run  at  the  same  effective  stress 
(AS  = 16.13  ksi)  but  different  range  ratios,  R = 0.1  (tension-tension)  and 
R = -0.6  (compression-tension).  All  pairs  of  test  lives  agreed  within  about 
20  percent. 

The  use  of  faying  surface  sealant  in  laboratory  air  substantially  reduces 
the  crack  growth  lives.  However  the  sealant  probably  provides  substantial 
protection  against  environmental  effects.  The  crack  growth  lives  in  3.5  per- 
cent salt  water  at  0.2  Hz  in  the  fully  clamped  and  sealed  joint  were  only 
slightly  shorter  than  in  the  identical  joint  tested  in  laboratory  air  at  4 Hz. 
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Figure  84.  Summary  of  Test  Results  on  Precracked  Double  Lap  Joints  From  Reference  71 


This  difference  appears  to  be  due  primarily  to  faster  growth  rates  of  through- 
the- thickness  cracks  in  salt  water.  The  initiation  and  early  growth  rates  of 
part- through  cracks  were  about  equal. 

Fastener  torque  and  interference,  shown  to  extend  the  crack  growth  life 
significantly  in  dry  joints  (no  sealant),  also  extended  the  crack  growth  life 
in  joints  with  faying  surface  sealant.  The  benefits  in  sealed  joints  were  not 
as  striking  as  in  the  dry  joints,  but  were  still  very  significant. 

3.  PHASE  II  TESTS  OF  JOINTS 

3.1  Fastener  Head  Investigation  in  Single  Lap  Joints 

One  of  the  goals  of  the  Phase  II  testing  was  to  examine  the  effect  of 
fastener  head  type  on  crack  growth  and  arrest  in  a fully-clamped  precracked 
single  lap  joint.  Eight  specimens  were  considered  in  this  study  as  shown  in 
Table  19.  Of  these.  Specimens  4.7-5  and  4.7-6  were  tested  in  Phase  I. 

The  main  motivation  for  these  tests  was  the  long  crack  arrest  times  at 
fastener  holes  in  double  lap  joints  with  fully  torqued  protruding-head  Hi-lok 
fasteners  contrasted  with  the  short  arrest  times  in  single  lap  joints  with 
fully  torqued  flush-head  Hi-lok  fasteners.  It  was  desired  to  find  out  how 
much  of  this  difference  is  attributable  to  the  type  of  fastener  head  used. 


TABLE  19.  TESTS  OF  SINGLE  LAP  JOINT  SPECIMENS 
FOR  EFFECT  OF  FASTENER  HEAD  TYPE 


Constant  Amplitude 

S =17  ksi,  R = 0.1 

max 

80-Fllght  Spectrum 

Spec.  No. 

Cycles  to 
Failure 

Spec.  No. 

^Ref 

(ksi) 

Flights 

To  Failure 

HL51-10  Flush- 

4.7-5 

35,200 

4.7-10 

25 

28,840 

Head  Hi-lok  Fasteners 

4.7-6 

31,100 

4.7-11 

30 

18,119 

HL50-10  Protruding- 

4.7-7 

44,800 

4.7-12 

30 

20,440 

Head  Hi-lok  fasteners 

4.7-8 

58,600 

4.7-13 

30 

17,870 
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Figure  85  shows  the  results  for  the  constant-amplitude  tests.  The  speci- 
mens with  protruding-head  fasteners  had  slower  crack  growth  rates  and  longer 
crack  reinitiation  times  than  those  with  flush-head  fasteners.  The  differences 
in  crack  reinitiation  times  (cross-hatched  area  in  Figure  85),  however,  were 
not  as  striking  as  the  reinitiation  time  differences  between  the  single  lap  and 
double  lap  joints.  The  bending  stresses  that  are  essentially  absent  in  double 
lap  joints  but  present  in  the  single  lap  joint  specimens  apparently  had  a sub- 
stantial effect  on  these  crack  reinitiation  times. 

Four  specimens  were  spectrum  tested,  two  identical  specimens  with  flush- 
head  fasteners  and  two  with  protruding  head  fasteners.  It  was  originally 
planned  to  test  one  of  each  type  at  each  of  two  reference  stress  levels, 

25  ksi  and  30  ksi.  As  Table  19  shows,  both  specimens  with  protruding  head 
fasteners  were  tested  at  30  ksi,  however.  The  change  was  made  because  Speci- 
men 4.7-10,  tested  at  25  ksi,  failed  in  an  unintended  location.  Failure 
occurred  in  the  doubler  in  fastener  row  3 rather  than  in  the  skin  in  Row  1, 
where  the  initial  crack  was  located.  The  fracture  surface  of  the  failed 
doubler  is  shown  in  Figure  86.  Failure  occurred  due  to  multiple  fretting 
cracks  which  originated  in  the  vicinity  of  both  sides  of  all  seven  fastener 
holes  in  Row  3.  Since  this  row  of  the  doubler  was  hidden  from  view  between 
the  skin  and  the  tee,  no  crack  growth  data  were  obtained  in  the  failure  plane 
of  this  specimen.  Without  these  comparative  data,  the  corresponding  25  ksi 
test  of  a specimen  with  protruding  head  fasteners  seemed  pointless.  Therefore, 
a replication  was  run  at  a reference  stress  of  30  ksi  instead. 

As  seen  in  Table  19,  the  lives  of  specimens  4.7-11,  4.7-12,  and  4.7-13 
were  nominally  the  same.  This  is  in  contradiction  to  the  differences  in  the 
constant  amplitude  results  shown  in  Table  19,  where  the  protruding  head 
fasteners  furnished  slightly  longer  lives.  Examination  of  the  spectrum-tested 
specimens  showed  that  in  all  four  cases  the  cause  of  failure  was  fretting. 
Failure  was  not  caused  by  the  steady  progression  of  the  initial  fatigue  crack 
but  rather  by  the  independent  initiation  and  growth  of  several  fretting  cracks. 
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Figure  85.  Effect  of  Fastener  Head  Type  in  Constant  Amplitude 
Tests  of  the  Single  Lap  Joint  Specimen 
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Figure  87  shows  some  fretting  crack  origins  on  the  fracture  surfaces 
of  specimens  4. 7-12  and  -13.  Note  in  particular  the  thin  loop  of  material 
left  on  the  periphery  of  the  second  hole  in  both  specimens,  when  the  crack 
origin  avoided  the  hole.  Fretting  cracks  were  present  in  virtually  all 
fastener  rows.  The  conclusion  is  that  specimen  4.7-10  which  failed  in  row  3 
was  not  significantly  different  from  the  others.  Fretting  cracks  in  that 
specimen  were  also  present  in  row  1.  Although  the  other  three  specimens 
failed  in  row  1,  fretting  cracks  were  present  in  rows  2 and  3.  In  general, 
whether  or  not  the  actual  failure  occurred  in  row  1 or  row  3 was  somewhat  a 
matter  of  chance.  Examination  of  specimens  4.7-5,  4.7-6,  4.7-7,  and  4.7-8 
revealed  fretting  also,  but  it  was  not  as  extensive  as  in  the  specimens  sub- 
jected to  the  spectrum  loads. 

The  conclusion  from  all  tests  is  that  the  protruding  head  fasteners 
seem  to  offer  a slight  advantage  with  respect  to  fatigue  crack  reinitiation 
and  propagation.  However,  the  primary  differences  between  the  results  of  the 
single  lap  and  double  lap  joint  tests  of  Phase  I were  due  to  bending.  More- 
over, if  failure  is  caused  primarily  by  fretting  at  the  faying  surface,  little 
if  any  advantage  can  be  gained  by  using  protruding  head  fasteners.  It  should 
be  pointed  out  that  the  differences  shown  between  the  flush  head  and  protruding 
head  constant-amplitude  test  results  (4.7-5,  4.7-6,  4.7-7,  4.7-8)  are  on  the 
order  of  what  could  be  predicted  by  considering  the  increase  in  net  section 
stress  caused  by  the  countersink  for  the  flush  head  fasteners. 

3.2  Spectrum  Tests  of  Joint  Specimens 

The  80-flight  loading  sequence  discussed  in  Section  II,  Paragraph  3.1 
was  used  to  test  four  single  lap  joints,  as  tabulated  in  Table  19,  and  two 
double  lap  joints.  The  two  double  lap  joints.  Specimens  4.6A-9  and  4.6A-10, 
were  identical  to  Specimens  4.6A-3  and  -4,  which  were  constant  applitude 
tested.  There  was  a 0.050-inch  corner  crack  in  Fastener  3 of  Row  2 of  each 
doubler.  All  fasteners  were  clearance-fit  Hi-loks  with  a low  installation 
torque  of  40  to  45  inch-pounds.  There  were  no  razor-induced  continuing 
damage  flaws.  This  is  damage  condition  B in  Figure  5. 
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Figure  86.  Two  Fretting  Cracks  at  Each  Hole  in  the  Fracture 
Surface  of  the  Doubler  of  Specimen  4.7-10. 


Figure  87.  Fretting  Crack  Origins  in  the  Skin  Near  the  Hole  Periphery  in 
Specimen  4.7-12  (Front)  and  4.7-13. 
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Thus  for  all  spectrum  tests  of  joints  there  were  prior  constant  amplitude 
test  results  for  the  same  configuration.  The  Equivalent  and  Equivalent  Stress 
Intensity  Factor  methods  described  in  Section  V,  Paragraph  6 were  used  to  predict 
the  crack  growth  lives.  As  seen  in  Figure  88,  results  from  these  two  first-order 
prediction  methods  were  within  about  a factor  of  2.0  of  the  test  results.  This 
agreement  was  achieved  despite  the  greater  tendency  toward  fretting  in  the 
single  lap  joints  when  subjected  to  spectrum  loading.  The  methods  would  be 
expected  to  break  down  when  a change  in  failure  mechanism  occurs. 

The  predictions  were  least  accurate  for  the  double  lap  joints.  For  this 
case  the  prediction  was  based  only  on  the  constant  amplitude  result  for  Speci- 
men 4.6A-4,  since  the  replicate  specimen,  4.6A-3,  lasted  much  longer  and  seemed 
inconsistent  with  all  the  other  data  as  discussed  in  Section  VII,  Paragraph  I. 
However,  consider  in  Figure  84  the  result  from  the  third  replication  of  this  test. 
Specimen  4.6A-12  from  Reference  71  had  a life  significantly  longer  than  4.6A-4, 
suggesting  that  4.6A-4  was  on  the  short-life  end  of  the  probability  distribu- 
tion. If  the  spectrum  predictions  for  Specimens  4.6A-9  and  -10  were  recom- 
puted based  on  the  average  constant  amplitude  life  of  either  all  three  speci- 
mens or  just  Specimens  4.6A-4  and  4.6A-12,  the  predictions  would  be  much  more 
accurate. 

The  degree  of  difference  in  failure  mechanism  between  the  spectrum  and 
constant  amplitude  single  lap  joint  tests  was  discussed  in  the  preceding  sub- 
section. There  was  an  increased  tendency  to  develop  fretting  cracks  remote 
from  the  initial  crack  in  the  spectrum  tests.  However  for  both  loading  con- 
ditions the  initiation  of  multiple  cracks  at  random  locations  was  evident. 

Similarly  in  the  double  lap  joints,  one  of  the  two  specimens  that  was 
spectrum  tested  failed  across  Row  4 in  the  skin  instead  of  through  Row  2 in 
the  doublers  where  the  precracks  were  located.  There  appear  to  have  been  no 
skin  cracks  in  the  corresponding  constant  amplitude  specimens,  4.6A-3  and 
4.6A-4.  In  both  these  specimens  however,  cracks  independent  of  the  main 

initial  cracks  did  occur.  These  cracks  were  in  the  doublers  in  Fastener  Row  3, 
but  the  final  failures  of  the  doublers  occurred  in  the  precrack  plane  in 
Row  2 . 
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The  fracture  surface  of  the  failed  skin  in  Specimen  4.6A-10  (Figure  89) 
shows  fatigue  cracking  from  the  outermost  hole  to  the  edge.  On  the  opposite 
side  of  that  hole,  three  surface  flaws  about  0.070  inch  deep  combined,  tunneled 
ahead  another  0.070  inch  in  one  jump,  and  did  not  even  break  through  the 
thickness  before  propagating  unstably  to  the  next  hole.  The  unstable 
fatigue  crack  evident  at  the  next  adjacent  hole  is  a mid-thickness  surface 
flaw  only  about  0.03  inch  deep  and  0.1  inch  long  in  the  thickness  direction. 

The  rest  of  the  fracture  surface  is  a static  fracture  except  for  surface 
flaws  0.01  inch  or  less  along  the  edges  of  some  of  the  holes. 

From  these  considerations  of  the  fracture  surface  it  is  concluded  that 
the  failure  resulted  primarily  from  the  skin  crack  that  initiated  at  an  outer 
fastener  hole  and  grew  to  the  specimen  edge.  The  reinitiation  and  subsequent 
growth  of  this  crack  led  rapidly  to  total  specimen  failure.  It  seemed  sur- 
prising that  so  small  a crack  could  be  so  critical,  but  the  following  analysis 
verifies  the  possibility. 


Figure  89.  Failed  Skin  in  Spectrum-Loaded  Specimen  4.6A-10. 
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Figure  90.  Bearing  k for  a Fastener  Hole  with  a Crack  from 
Hole  to  ESge  (by  Ratio  Method  of  Figure  14) 
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The  stress  severity  factor  \ at  the  hole  when  the  crack  reached  the  edge 
is  calculated  from  Equation  (5)  assuming  equal  load  transfer  at  every  fastener 
and  using  the  following: 

a = 1.06,  p=  1.0,6=  1.07  (Table  6) 

A /R  = 5 
o o 

k^^  = 1.1215  ^0-0  ~ ^-33  (Equations  (11,  13) 

(A) 

^tb  ^ ^tb  = (Figure  90) 


From  this  a value  of  8.7  is  computed  for  \ , and  the  effective  peak  notch 
stress  for  = 30  ksi  is  ” 261  ksi.  From  Figure  48  this  corresponds 

to  a crack  initiation  time  of  under  700  flights.  Crack  instability  for  this 
reinitiated  crack  occurs  when  the  stress  intensity  versus  crack  length  curve 
(calculated  for  short  cracks  from  Equation  (20)  using  X/ap  in  place  of  k^) 
is  tangent  to  and  above  the  crack  growth  resistance  curve  for  the  0.386  inch 
plate  in  Figure  46.  For  a stress  of  30  ksi  the  unstable  crack  size,  measured 
from  the  edge  of  the  hole,  is  thereby  calculated  to  be  0.003  inch.  The  next 
fastener  hole  in  the  crack  path  would  not  be  expected  to  arrest  this  running 
crack  for  more  than  a few  flights  if  at  all. 


4.  SUMMARY  OF  CONCLUSIONS  FROM  TESTS  OF  JOINTS 


The  following  observations  and  conclusions  result  from  the  testing  and 
analysis  of  these  joints: 

• Fastener  torque  and  faying  surface  friction  effects  in  an  unsealed 
joint  can  lead  to  long  crack  growth  lives  and  shift  the  failure 
mechanism  from  failure  by  progressive  cracking  across  the  fastener 
holes  to  failure  due  to  fretting  cracks.  Faying  surface  sealant 
(Reference  71)  seems  to  protect  small  cracks  against  environmental 
attack  but  compromises  the  beneficial  effects  of  faying  surface 
friction.  Analytical  methods  are  not  currently  available  to  account 
for  the  effect  of  fastener  torque  and  faying  surface  friction. 

• If  there  are  high  bending  stresses,  there  is  an  increased  tendency 
for  multiple  cracks  to  initiate  at  the  fastener  holes.  For  example, 
while  the  central  fastener  in  Row  1 of  the  skin  contained  the 
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precrack  in  single  lap  joint  specimen  4.7-10,  failure  occurred  in  the 
doubler  across  Row  2 by  the  coalescence  of  14  cracks,  one  on  each  side 
of  all  seven  holes  in  the  failed  row. 

Similarly,  when  the  fasteners  are  not  fully  torqued  in  the  double  lap 
joints  the  crack  initiation  time  at  the  holes  becomes  less  than  the 
growth  time  from  hole  to  hole.  For  example,  at  Sj^ax  = 17  ksi,  R = 0.1 
and  low  fastener  torque,  there  was  little  difference  between  test  lives 
for  double  lap  joint  specimens  with  or  without  continuing  damage  flaws 
because  of  such  multiple  crack  initiations. 

For  both  of  these  cases,  the  initial  flaw  condition  was  unimportant, 
because  failure  occurred  due  to  independent  cracks  at  several  fastener 
holes . 

• Friction  under  the  head  or  collar  of  the  fully-torqued  fastener  helps 
to  retard  the  reinitiation  of  the  crack.  Faying  surface  friction  also 
has  a role  in  postponing  reinitiation.  Occasionally  the  collar  can 
crack,  allowing  the  opening  and  closing  deformations  that  lead  to 
reinitiation.  Improvements  to  the  fatigue  design  of  the  Hi-lok  collar 
may  be  worth  considering. 

• Spectrum  loading  was  observed  to  have  three  possible  effects: 

- Caused  more  of  a tendency  toward  fretting  cracks  near  the  holes  in 
single  lap  joints. 

Had  a predictably  shorter  critical  crack  size  due  to  a spectrum 
maximum  stress  of  30  ksi  compared  to  a constant  amplitude  maximum 
stress  of  17  ksi. 

Had  a fairly  predictable  crack  growth  life,  based  on  the  comple- 
mentary constant  amplitude  test  result,  even  when  the  failure 
mechanism  was  different  from  the  anticipated. 

• Standard  prediction  techniques  were  accurate  within  about  a factor  of 
two  for  joints,  except  in  dry  (unsealed)  fully-clamped  joints  without 
much  transverse  bending  where  faying  surface  friction  and  fastener 
head  friction  must  be  accounted  for.  When  bending  is  present,  it  seems 
to  accelerate  both  crack  initiation  and  growth.  From  Reference  71, 
compression  - tension  loading  of  a double-lap  joint  can  apparently  be 
accounted  for  using  the  effective  stress  concept.  Equation  (90). 
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• Scatter  in  these  tests  was  reasonably  low,  except  for  replicate 
specimens  4.6A-3  (93,400  cycles  to  failure),  4.6A-4  (35,900)  and 
4.6A-12  (54,700).  (Specimen  4.6A-12  was  fabricated  and  tested  later 
for  Reference  71.)  When  speaking  of  scatter,  it  is  important  to 
emphasize  that  some  of  the  controls  on  machining  and  assembly  of  these 
specimens  were  more  stringent  than  the  controls  used  in  machining  and 
assembly  of  aircraft  structure.  Also,  except  for  Specimen  4.6A-12,  each 
pair  of  replicate  specimens  was  precracked,  machined  and  assembled  at 
about  the  same  time  and  on  the  same  setup.  Therefore  it  would  be  wrong 
to  assume  that  the  scatter  in  these  tests  is  equal  to  the  scatter  of 
crack  growth  in  aircraft  structural  joints. 
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SECTION  VIII 


STRINGER-REINFORCED  PANELS 


Forty-two  stringer-reinforced  panels  with  0.050-inch  fatigue-induced 
precracks  were  fatigue  tested  to  failure.  The  test  variables  and  test  plan 
are  discussed  in  Section  II.  Sections  III,  IV  and  V give  the  background  on  pre- 
dictions and  the  baseline  data.  Fabrication  and  test  procedures  are  described 
in  Section  VI.  Volume  II  of  this  report  contains  a specimen-by-specimen  tabu- 
lation of  the  test  data  and  graphical  comparison  of  the  experimental  crack 
growth  to  the  predicted  crack  growth. 

As  discussed  in  Section  II,  four  different  18-inch-wide  specimen  configura- 
tions were  tested.  Two  had  a central  tee  stringer  only,  the  continuous-skin 
reinforced  panel  (type  4.8-1-X)  and  the  split-skin  reinforced  panel 
(type  4.8-3-X).  The  edge  stringer  specimen  (type  4.9-X)  contained  0.250-inch 
angle  stringers  on  either  edge,  each  with  a 3.25-inch-wide  strip  attached  to 
the  protruding  leg  to  simulate  the  presence  of  a shear  web  at  the  front  or 
rear  spar  of  an  aircraft  wing.  The  two-bay  specimen  (type  4.10-X)  was  a 
split-skin  type  having  both  a central  tee  stringer  across  the  split  line  and 
edge  angle  stringers  with  simulated  shear  webs  on  either  edge  of  the  panel. 

1.  CENTER  STRINGER  SPECIMENS 


1 . 1 Panel  Strains  and  Lateral  Deflections 

The  design  of  Specimen  types  4.8-1  and  4.8.3  included  a system  of  doublers 
in  the  grip.  One  purpose  of  these  doublers  was  to  increase  the  load-carrying 
area  of  the  specimen  near  the  grips.  Also,  the  doubler  thicknesses  were 
selected  so  that  the  average  centroid  in  the  test  section  was  coplanar  with 
the  centroids  at  the  two  grips.  This  minimized  the  transverse  bending.  How- 
ever, bending  was  not  eliminated. 
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Figure  91  shows  maximum  lateral  deflections  measured  in  the  test  section 
at  various  points  across  the  specimen  width.  The  across-the-width  variation 
in  the  location  of  the  elemental  centroid  causes  the  specimen  center  to  deflect 
one  way  and  its  edges  to  deflect  oppositely. 

Strain  gages  were  placed  on  Specimen  4. 8-1-2  in  the  locations  shown  in 
Figure  92.  Measurements  were  taken  at  various  times  throughout  the  test. 

The  measured  strain  ranges,  At  are  presented  in  normalized  form  in  Figure  92. 

The  numbers  in  parentheses  are  EAc/AS  where  E = 10^  psi  and  AS  is  the  applied 
gross  area  stress  range,  15.3  ksi.  These  parenthetical  numbers  would  all  be 
1.0  if  the  strains  in  the  specimen  were  all  uniformly  distributed  and  there 
were  no  holes  or  cracks. 

The  strain  gage  readings  prior  to  macrocracking  indicate  that  the 
strains  were  lower  in  the  stiffened  central  region.  These  lower  strains 
probably  occurred  because  the  protruding  flange  of  the  stringer  was  not 
picked  up  directly  by  the  grips,  and  the  specimen  length  between  grips  was 
too  short  to  fully  compensate  for  this.  The  nonuniformity  of  initial  strains 
was  not  taken  into  account  in  the  crack  growth  predictions. 

1 . 2 Test  Results,  Continuous  Skin  Specimens 

Twelve  continuous-skin  tee-reinforced  specimens  were  cycled  at  constant 
amplitude  at  a maximum  gross  area  stress  of  17.0  ksi  and  R = 0.1.  At  various 
times  throughout  the  tests  marking  cycles  = 17.0  ksi,  R = 0.82)  were 

used  in  an  attempt  to  mark  the  fracture  surface.  These  marking  cycles  had 
not  been  successful  in  testing  the  joints  but  were  successful  for  these 
center-stringer  tests . 

Figure  93  summarizes  the  test  lives  for  these  specimens.  The  lives 
ranged  from  19,000  cycles  for  Specimen  4. 8-1-8,  which  had  double  outside 
cracks  and  continuing  damage  flaws,  to  55,400  cycles  for  Specimen  4. 8-1-6, 
which  had  a single  inside  crack  in  the  tee  only. 

The  analysis  described  in  Section  V,  Paragraph  3.  was  applied  to  predict 
the  growth  of  the  initial  crack  and  the  crack  initiation  time  on  the  opposite 
side  of  the  precracked  hole.  The  predicted  and  actual  crack  growth  histories  are 
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Figure  91.  Lateral  Deflection  of  Points  Across  the  Width  of  the  Test  Section 
Specimen  4. 8-1-2 
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Figure  92.  Strain  Gage  Data  for  Tee-Reinforced  Specimen  4. 8-1-2 
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compared  in  Figures  94  through  97.  Figure  98  compares  the  predicted  and 
actual  crack  initiation  times. 

The  term  crack  length  does  not  have  a unique  definition.  For  the  pur- 
pose of  predictions  the  crack  length  is  as  would  be  measured  on  the  faying 
surface.  The  initial  length  of  this  crack  was  0.050  inch.  The  test  data, 
however,  are  visual  observations,  taken  on  visible  outer  surfaces.  The 
initial  visible  crack  length  was  always  zero.  Thus  even  a perfect  prediction 
would  appear  to  overestimate  crack  size  for  about  the  first  0.20  inch  of  crack 
growth.  Thereafter  the  crack  was  through-the-thickness  and  of  approximately 
equal  length  on  both  surfaces. 

Differences  in  the  type  of  fastener  used  in  the  hole  adjacent  to  the 
flawed  hole  did  not  lead  to  differences  in  crack  growth  behavior  or  crack 
growth  life.  (Compare  4. 8-1-3  and  -4  with  -5  and  compare  4. 8-1-9  with- -11.) 

Specimens  with  a crack  in  both  members  had  much  shorter  crack  growth 
lives  than  comparable  specimens  with  a crack  in  just  one  member.  (Compare 
4. 8-1-3,  -4  and  -5  with  -6  and  compare  4. 8-1-9  and  -11  with  -12.) 

Specimens  4. 8-1-7  and  -8  with  continuing  damage  flaws  on  the  opposite 
side  of  the  precracked  hole  had  significantly  shorter  lives  than  comparable 
specimens  4. 8-1-9  and  -11  without  continuing  damage  flaws.  However,  crack 
growth  for  Specimens  4. 8-1-1  and  -2  with  continuing  damage  flaws  only  at  the 
hole  adjacent  to  the  precracked  hole  was  not  significantly  different  from  that 
for  Specimens  4. 8-1-3,  and  -4  and  -5. 

Scatter  between  duplicate  tests  was  low  except  for  a factor  of  1.6 
difference  in  crack  growth  life  between  Specimens  4. 8-1-9  and  -10.  The  dif- 
ference, as  seen  in  Figure  96,  was  in  the  time  required  for  the  flaw  to 
reinitiate  on  the  opposite  side  of  the  precracked  hole.  In  Specimen  4. 8-1-9 
this  flaw  did  not  initiate  until  after  31,600  cycles.  By  that  time  the  skin 
crack  was  1.1  inches  long  and  the  tee  crack  had  long  since  broken  through  to 
the  free  edge.  In  specimen  -10  this  flaw  initiated  almost  immediately. 

Figure  99  shows  that  this  secondary  flaw  became  visible  even  earlier  than 
did  the  continuing  damage  flaws  in  Specimens  4. 8-1-7  and  -8.  Note,  in  fact, 
that  the  entire  behavior  of  Specimen  4.8-1-10  was  similar  to  that  of  the 
continuing  damage  cases.  Even  the  total  test  lives  agreed. 
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Figure  94.  Crack  Growth  Prediction  and  Test  Results,  Inside  Crack  in  Tee 
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Figure  95.  Crack  Growth  Prediction  and  Test  Results,  Inside  Crack  in  Skin 
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Figure  96.  Crack  Growth  Prediction  and  Test  Results,  Outside  Crack  in  Tee 
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Figure  97.  Crack  Growth  Prediction  and  Test  Results,  Outside  Crack  in  Skin 


"T 

1 

0 

1 

ZL  I-8  V N3IMI33dS 

6 o 

U-l-8  fr  N3WI03dS 

1 

1 

1 

□ 

G 

OL-l-S  fr  N3l4IID3dS 

□ 

1 

Q 

1 

6-l-8kN3IAIID3dS 

1 

1 

O 

8-1-8'^  N3IAII33dS 

1 

1 

1 

O 

11-8  P N3l/\ll03dS 

1 ^ 

9-t-8'fr  N3l\ll33dS 

1 

1 

1 

□ 

O 

9-L-8  fr  N3l/\ll03dS 

1 

1 

□ 

O 

trl-8  fr  N3l/\ll03dS 

E UJ 

^ UJ 
CO  H 

Z Z 

1 

1 

1 

1 

□ 

O 

e-l'8't7  N3IAII33dS 

KEY: 

©□ 

1 

1 

1 

□ 

o 

Z-L-8'^  N3l/\ll33dS 

1 

' o 

1 

J 1_ 

□ 

I 

I 

l-l-8  fr  N3IAII03dS 

1 

CN 

1.0 

0.8 

CO 

d 

d 

CM 

d 

“5s2 

St|5 

c Z OC 


c/> 


c/3 

UJ 

-I 

O 

> 

o 

o 

UJ 

H 

O 

O 

UJ 

cc 

0. 


223 


Figure  98.  Crack  Reinitiation  Times  on  the  Undamaged  Side  of  the 
Precracked  Hole,  Specimen  Type  4.8-1 
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Figure  99.  Comparison  of  Crack  Growth  in  Tee  Stringer  in 
Specimens  4. 8-1-7,  -8  and  -10 
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Since  the  data  seemed  to  suggest  that  a defect  of  some  sort  had  been 
present  at  the  origin  site  of  the  secondary  flaw  in  the  tee  stringer  of 
Specimen  4.8-1-10,.  the  fracture  surfaces  were  examined.  It  appears  that  the 
secondary  crack  originated  at  a material  defect.  On  one  fracture  surface 
there  appears  to  be  a void  about  0.015  inch  across,  located  on  the  edge  of 
the  hole,  about  0.010  inch  from  the  faying  surface.  A congruent  inclusion 
appears  to  be  present  at  the  same  location  on  the  opposite  fracture  surface. 
Judging  from  the  data,  this  material  defect  in  the  tee  extrusion  is  comparable 
in  severity  to  a 0.005  inch  continuing  damage  crack. 

1 . 3 Test  Results,  Split  Skin  Specimens 

In  Phase  I testing  12  split-skin,  tee-reinforced  specimens  were  cycled 

at  constant  amplitude  with  17.0  ksi  and  R = 0.1.  Marking  cycles 

(S  = 17.0  ksi,  R = 0.82)  were  used  successfully  at  selected  times  during 
max 

the  testing.  Predictions  and  crack  growth  data  for  these  specimens  are  com- 
pared in  Figures  100  through  103. 

A predicted  crack  growth  sequence  for  the  inside  skin  crack  is  plotted 
in  Figure  100.  The  0.050- inch  initial  corner  crack  was  predicted  to  start  at 
the  fastener  hole  and  grow  to  the  edge  of  the  skin,  where  it  is  arrested. 
According  to  the  prediction,  it  is  another  8,924  cycles  before  the  crack  reini- 
tiates on  the  opposite  side  of  the  hole.  It  then  quickly  grows  to  the  outer 
edge  of  the  skin,  causing  the  specimen  to  break. 

This  prediction  turned  out  to  be  excellent  for  Specimens  4. 8-3-3,  -4, 
and  -5,  which  had  an  initial  0.050-inch  crack  in  both  the  tee  and  the  skin. 

All  three  specimen  lives  were  predicted  within  13  percent. 

This  prediction  is  not  applicable  to  the  other  three  inside  crack  cases. 
Specimen  4. 8-3-6  had  no  initial  skin  crack,  only  a crack  in  the  tee.  Speci- 
mens 4.8-3-13  and  -14  had  initial  continuing  damage  flaws  in  the  skin  on  the 
opposite  side  of  the  fastener  hole  containing  the  primary  flaw.  Both  skin 
flaws  grew  simultaneously  and  unsymmetrically  in  each  of  these  two  specimens. 
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Figure  100.  Crack  Growth  Results,  Inside  Crack  in  Skin 
Spanwise  Splice  Specimens 
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Figure  101,  Crack  Growth  Results,  Inside  Crack  in  Tee 
Spanwise  Splice  Specimens 
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Figure  103.  Crack  Growth  Results,  Outside  Crack  in  Tee, 

Spanwise  Splice  Specimens 


The  prediction  shown  in  Figure  101  for  the  inside  crack  in  the  tee  is 
the  same  curve  that  is  shown  in  Figure  94.  This  curve  was  originally  cal- 
culated for  the  continuous  skin-type  Specimens,  4. 8-1-1  through  -6.  The 
same  geometry  was  used  for  the  tee  on  the  spanwise-splice  specimens  except 
that  0.3125-inch-diameter  fasteners  were  used  instead  of  0.250-inch  fasteners. 
This  prediction  was  previously  seen  to  underestimate  the  crack  growth  rates. 

The  dashed  lines  show  the  envelope  of  the  data  from  prior  Specimens  4. 8-1-1 
through  4. 8-1-6.  The  new  data  for  Specimens  4. 8-3-3  through  -6  are  close  to 
this  envelope  but  crack  growth  is  slightly  faster.  It  is  clear  that  the  stress 
intensity  expression  for  this  case,  described  in  Section  V,  Paragraph  3.2, 
underestimates  the  true  stress  intensity.  The  data  themselves  can  be  used  to 
estimate  an  improved  K expression,  as  described  in  Section  VTII,  Paragraph  1.4. 

Specimen  4. 8- 3-6  contained  an  initial  flaw  in  the  tee  only.  No  crack 
was  observed  in  the  skin  until  38,500  cycles,  almost  10,000  cycles  after  the 
protruding  leg  of  the  tee  had  broken.  This  is  in  total  contrast  to  Speci- 
mens 4. 8-3-3,  -4,  and  -5,  where  there  were  initial  cracks  in  both  the  skin 
(Figure  100)  and  the  tee  (Figure  101)  which  grew  simultaneously.  Despite 
this  difference,  there  was  little  difference  in  the  growth  rates  of  the  tee 
cracks  among  these  four  specimens. 

Figure  102  shows  the  prediction  and  test  results  for  the  growth  of  the 
outside  skin  crack  in  Specimens  4. 8-3-7  through  -12.  The  prediction  tended 
to  slightly  underestimate  the  crack  growth  rates  for  all  specimens  except 
4.8-3-12,  the  specimen  with  no  initial  flaw  in  the  tee. 

While  the  outside  skin  crack  propagated,  the  inside  skin  crack  was 
initiating  on  the  opposite  side  of  the  preflawed  fastener  hole.  By  prediction, 
the  inside  crack  should  have  initiated  when  the  outside  crack  reached  a length 
of  about  3.4  inches.  This  prediction  is  contrasted  to  the  experimental  points 
at  which  the  inside  crack  was  first  observed  in  Specimens  4. 8-3-7  though  -12. 

As  Figure  102  shows,  the  primary  crack  was  always  between  0.9  and  1.9  inches 
when  the  secondary  crack  initiated.  No  explanation  is  presently  available 
for  this  discrepancy. 

There  appears  to  be  some  effect  of  the  degree  of  secondary  initial 
damage  on  the  rate  of  growth  of  the  outside  skin  crack.  Specimen  4.8-3-12 
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had  only  the  initial  skin  crack  and  no  initial  crack  in  the  tee.  Speci- 
mens 4. 8-3-7,  -8  and  -11  had  initial  0.050-inch  cracks  in  both  members  but 
no  continuing  damage  flaws.  Specimens  4. 8-3-9  and  -10  had  additional  razor- 
induced  continuing  damage  flaws  in  the  tee  and  the  second  skin  member. 

The  outside  skin  crack  was  stop-drilled  in  four  of  these  specimens  to 
prevent  further  growth  and  allow  time  for  cracks  to  initiate  and  grow  in  the 
tee  and  other  skin  members.  An  X in  Figure  102  denotes  the  stop-drilling 
time  and  crack  size.  A 0.375-inch-diameter  steel  Hi-lok  fastener  (HL50-12-6) 
was  put  in  the  0.378-inch  stop-drill  hole  (clearance  fit)  and  the  collar 
(HL90LP-12)  was  fully  torqued  to  maximize  the  crack  arrestment.  Full  arrest- 
ment of  the  stop-drilled  end  of  the  crack  was  always  achieved  until  the  moment 
of  specimen  fracture.  (Note:  A stack  of  steel  washers  was  used  under  the 
collar  because  the  only  available  0.375-inch-diameter  Hi-lok  fasteners  had  a 
0.375- inch  shank,  whereas  the  sheet  thickness  was  only  0.182  inch).  The  suc- 
cess of  the  use  of  torqued  fasteners  here  provided  further  evidence  that  fastener 
clamp-up  enhances  crack  arrest  at  a hole.  (See  Section  VII,  Paragraph  2.2. 

The  prediction  shown  in  Figure  103  for  the  outside  crack  in  the  tee  is 
the  same  curve  that  is  shown  in  Figure  96.  As  in  Figure  101,  the  effect  of 
a small  discrepancy  in  fastener  diameter  was  neglected  to  avoid  having  to 
recalculate  this  prediction.  The  envelope  for  the  continuous  skin  Specimens, 

4. 8-1-9  through  -11,  is  indicated  by  a dashed  line.  The  new  data  for 
Specimens  4. 8-3-7,  -8,  and  -11  are  within  this  envelope  but  on  the  faster 
crack  growth  side. 

Note  that  in  both  Figures  102  and  103,  the  crack  growth  rate  for 
Specimen  4.8-3-11  is  slower  than  for  Specimens  4. 8-3-7  and  -8.  These  three 
specimens  are  identically  fabricated  and  precracked,  except  that  Fastener 
No.  2,  the  fastener  in  the  crack  plane  adjacent  to  the  preflawed  fastener 
hole,  was  a fully  torqued  interference-fit  Hi-lok  fastener  for  Specimen  -11 
and  a fingertight  clearance  fit  Hi-lok  fastener  for  Specimens  -7  and  -8.  It 
is  unlikely  that  a difference  in  Fastener  No.  2 would  affect  the  early  crack 
growth  rates  at  Fastener  No.  1.  Data  scatter  cannot  be  ruled  out  as  an  ex- 
planation since  Specimen  4.8-3-11  was  not  replicated. 
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1.4  Empirical  Stress  Intensity  Analysis  for  the  Tee  Stringer 


The  most  inaccurate  crack  growth  rate  prediction  for  the  center-stringer 
specimens  was  for  the  inside  crack  in  the  tee,  Figure  94  and  101.  This 
error  was  no  surprise,  because  the  stress  intensity  analysis  discussed  in 
Section  V,  Paragraph  3.2  was  not  straightforward;  no  solutions  exist  in  the 
literature  that  are  clearly  appropriate  for  this  case.  Particularly  problemati 
is  the  crack  growth  period  after  the  crack  front  reaches  the  junction  between 
the  base  and  the  protruding  leg  of  the  tee. 

In  Section  III,  Paragraph  3.3.2  the  empirical  semiinverse  approach  was 
used  to  estimate  K as  a function  of  crack  length  for  a corner  crack  at  the 
edge  of  the  center  hole  in  a standard  k^  = 3. 1 fatigue  coupon.  This  same 
empirical  approach  is  now  used  to  estimate  K for  the  inside  tee  crack. 

Measurements  of  crack  growth  rate  as  a function  of  crack  length  for  the 

inside  tee  crack  are  easily  derived  from  the  crack  length  versus  cycles  data. 

An  applicable  relationship  between  crack  growth  rate  and  is  given  in 

Figure  43  in  Section  IV.  The  versus  crack  length  relationship  is  easily 

obtained  by  matching  the  observed  da/dN  to  the  corresponding  value  of  K 

max 

from  interpolation  on  Figure  43. 

Data  from  Specimens  4. 8-3-3  and  -4  were  used  for  obtaining  stress  in- 
tensity versus  crack  size  for  the  inside  tee  crack  by  this  procedure.  This 
empirical  result  is  compared  in  Figure  104  with  the  prior  analytical  K estimate 
The  data  show  that  the  stress  intensity  was  significantly  underestimated,  es- 
pecially for  crack  lengths  between  0.75  and  1.25  inches,  as  measured  from 
the  edge  of  the  fastener  hole  along  the  visible  surface  of  the  tee. 

1 . 5 Spectrum  Tests  (Phase  II) 

Two  tee-reinforced,  split-skin  specimens  were  spectrum  tested  using  the 
80-flight  loading  sequence  introduced  in  Section  II,  Paragraph  3. 1 at  a 
reference  maximum  stress  of  30  ksi.  The  purposes  of  these  spectrum  tests  were 

• To  mark  the  fracture  surface  as  in  Figure  C-5  of  Appendix  C. 

• To  verify  that  the  crack  growth  behavior  for  constant  amplitude 
loading  was  the  same  as  for  spectrum  loading. 
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• To  test  the  accuracy  of  predictions  made  using  the  baseline  spectrum 
data  (Section  IV,  Paragraph  6)  and  the  equivalent  k|-  and  equivalent 
stress  intensity  factor  methods  (Section  V,  Paragraph  6.). 

Figure  105  compares  the  actual  and  predicted  crack  growth  lives  for  the 
spectrum  tests  of  structural  specimens.  The  equivalent  k^  method  agreed 
closely  with  the  experimental  results  for  the  tee-reinforced  split-skin 
specimens . 

The  skin  crack  in  tee-reinforced  Specimen  4, 8-3-1  was  about  to  be  re- 
paired (by  stop-drilling  and  insertion  of  a 0.375-inch-diameter  fully  torqued 
Hi-lok  fastener)  when  it  propagated  unstably,  causing  the  specimen  to  fail. 

Just  before  failure,  the  tee  crack  had  propagated  only  part  of  the  way  across 
the  thickness  of  the  outstanding  leg  of  the  tee  at  the  base  of  that  leg.  The 
repair,  which  in  retrospect  should  have  been  done  after  6560  simulated  flights, 
would  have  arrested  the  skin  crack  and  allowed  time  for  the  tee  crack  to  prop- 
agate. The  skin  crack  in  duplicate  Specimen  4. 8-3-2  was  repaired  after 
8000  simulated  flights,  and  the  growth  of  the  tee  crack  was  fully  recorded 
both  by  visual  monitoring  during  the  test  and  by  clearly  identifiable  markings 
on  the  fracture  surface. 

Figures  106  and  107  are  photographs  of  the  fracture  surface  of  tee- 
reinforced  Specimen  4. 8-3-2.  The  largest  tensile  loading  in  the  80-simulated- 
flight  periodic  sequence,  which  occurs  in  the  39th  flight,  causes  the  crack 
front  to  jump  ahead,  especially  at  mid-thickness.  The  dark  gray  areas  or 
bands  on  the  fracture  surface  show  the  length  of  each  such  jump.  The  thin 
silvery  bands  separating  them  indicate  fatigue  crack  growth  during  the  other 
(smaller)  1079  cycles  that  recur  each  80  simulated  flights. 

Except  near  the  end  of  the  test,  only  the  largest  tensile  loading  (the 
one  occurring  in  the  39th  flight)  causes  visible  jumps  in  crack  growth. 
Therefore,  the  crack  growth  rates,  and  in  fact  the  entire  crack  growth 
history,  can  be  identified  by  counting  or  measuring  the  spacing  of  these 
fracture  surface  markings.  In  general  they  are  spaced  80  flights  apart. 
Furthermore,  final  specimen  failure  always  occurred  upon  the  applica- 
tion of  the  largest  tensile  loading. 
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Figure  104.  Empirical  and  Analytical  Stress  Intensity 
Factor,  Inside  Crack  in  Tee 
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Predicted  and  Test  Lives  of  Spectrum  Loaded 
Tee-Reinforced  Split-Skin  Specimens 
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Figure  106.  Fracture  Surface  of  Specimen  4. 8-3-2  Showing  Failure  Sequence 
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Figure  107.  Close-Up  of  Fracture  Surface  Markings 
on  Specimen  4. 8-3-2 


The  integer  numbers  in  Figures  107  and  108  provide  a countdown  of  the  num- 
ber of  80-flight  sequences  remaining  until  failure  of  the  specimen.  For 
example,  the  fracture  surface  marks  numbered  7 in  Figure  106  identify  the  loca- 
tions of  the  three  crack  fronts  in  the  tee  560  (7  x 80)  flights  prior  to 
specimen  failure.  At  that  instant  the  cracks  had  just  jumped  to  about  one- 
third  of  the  way  up  the  protruding  leg  of  the  tee,  broken  through  from  the 
crack-origin  hole  to  the  left-hand  tee  edge,  and  broken  through  to  the  adja- 
cent fastener  hole  on  the  right-hand  side. 

Thus  the  failure  sequence  is  evident  in  Figure  106.  The  protruding  leg 
of  the  tee  broke  320  (4  x 80)  flights  prior  to  failure,  leaving  only  the  right- 
hand  ligament  at  the  base  of  the  tee  intact.  At  that  time  there  was  only  a 
short  corner  crack  (about  0.090  inch  long)  in  that  ligament,  protruding  from 
the  fastener  hole.  Eighty  flights  later  (240  prior  to  failure)  that  crack 
jumped  across  the  ligament  and  the  entire  tee  was  broken. 

By  then  there  was  a crack  (not  yet  visible  to  the  operator)  in  the  pre- 
viously undamaged  skin  member,  beneath  the  head  of  the  flush-head  fastener. 

By  80  flights  prior  to  failure  this  crack  had  reached  a length  of  about 
0.2  inch  and  a very  small  crack  had  nucleated  on  the  opposite  side  of 
the  same  hole.  On  the  next  application  of  the  highest  spectrum  load  these 
two  cracks  propagated  unstably,  triggering  specimen  failure.  There  was 
no  evidence  of  an  initiated  fatigue  crack  at  the  stop-drill  hole.  At 
1000  flights  prior  to  failure  this  hole  had  been  drilled  and  a clearance- 
fit  0.375-inch-diameter  Hi-lok  fastener  had  been  inserted  and  fully 
torqued  (about  200  inch-pounds).  This  fastener  is  shown  on  the  left- 
hand  side  of  Figure  106. 

Figure  107  provides  detailed  data  on  both  the  growth  rate  and  flaw 
shape  of  this  tee  crack.  At  about  3000  (37.5  x 80)  flights  prior  to 
failure  the  crack  reached  the  fillet  radius  where  the  base  and  protrud- 
ing leg  intersect.  At  that  time  its  length  (measured  at  mid-thickness) 
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was  about  0.46  Inch.  The  growth  rate  had  become  about  290  microinches 
per  flight.  It  soon  slowed  to  a minimum  growth  rate  of  50  microinches 
per  flight  and  grew  in  a somewhat  circular  arc.  When  it  had  grovm  about 
halfway  across  the  base  (length  = about  0.55  inch)  it  began  tunneling 
ahead  in  two  directions,  up  the  protruding  leg  of  the  tee  and  across  the 
base.  Eventually  these  seem  to  have  become  two  almost  separate  cracks, 
tending  to  pull  the  rest  of  the  crack  front  behind  them  as  they  grew. 

The  growth  rates  of  these  two  gradually  increased  until,  at  560  flights 
prior  to  failure,  there  was  the  large  jump  in  the  growth  of  both  cracks 
discussed  previously. 

In  the  constant  amplitude  tests,  the  crack  front  shape  in  this 
region  of  the  tee  was  almost  perfectly  quarter-circular.  Marking 
cycle  marks  on  the  fracture  surfaces  of  several  specimens  clearly 
showed  this.  The  difference  in  crack  front  shape  occurs  because 
crack  front  tunneling  is  more  prevalent  at  the  higher  stress  levels 
(30  ksi  versus  17  ksi)  used  in  the  spectrum  tests. 

More  important  than  details  like  crack  front  shape  is  the  high 
degree  of  damage  tolerance  of  the  structure,  particularly  for  the  period 
after  the  repair.  At  the  time  that  the  skin  crack  was  stop  drilled  and 
a fastener  was  inserted,  crack  instability  was  imminent.  Specimen  4. 8-3-1 
had  failed  at  almost  exactly  the  same  damage  condition.  Yet  after  the 
repair,  the  structure  lasted  another  1000  simulated  flights.  The 
cyclic  stress  levels  applied  were  typical  of  those  seen  in  fighter  air- 
craft except  that  the  higher  stress  cycles,  occurring  less  than  once 
per  80  flights,  were  truncated.  On  the  other  hand  the  repair,  made 
on  only  one  side  of  the  crack,  would  have  been  even  more  effective 
had  both  crack  tips  been  repaired. 
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2.  EDGE  STRINGER  SPECIMEN 


Twelve  edge-stringer  reinforced  panels  with  0.050-inch  corner  precracks 

were  fatigue  tested  at  a nominal  gross  area  stress  of  S = 17,0  ksi, 

® max 

R = 0.1,  and  f = 4.0  Hz  in  laboratory  air  (T  = 72^F  , RH  = 40%  +10%). 

The  purposes  of  these  tests  and  the  accompanying  analyses  were  to  examine: 

• The  effect  of  initial  flaw  location  and  multiplicity  on  crack 
growth  sequence  and  fatigue  life  of  the  preflawed  structure. 

• The  accuracy  of  crack  growth  predictions  for  the  structure  and 
initial  flaws. 

• The  effect  of  continuing  damage  flaws  on  the  crack  growth  sequence 
and  life  of  the  structure. 

2.  1 Strain  Gage  Survey 

Strain  gages  were  used  on  Specimen  4.9-7  to  determine  the  actual  stress 
distribution  near  the  test  section  of  the  specimen.  The  gage  locations  and 
strain  gage  readings  are  shown  in  Figure  108.  Prior  to  the  test  a strain 
survey  was  conducted  for  a preliminary  loading  of  S = 7.2  ksi,  to  check  out 
the  specimen  and  test  grip  design.  Succeeding  surveys  were  conducted  on  the 
first  cycle  and  Cycle  No.  13952,  right  after  the  ligament  broke  between  the 
edge  of  the  angle  and  the  first  fastener  hole.  The  inside  skin  crack  at  that 
time  was  0.32-inch  long. 

The  strain  gage  readings  in  Figure  108  are  all  normalized,  and  would  be 
1.0  if  the  stress  were  uniform.  For  example,  numbers  less  than  1.0  for  Gages 
No.  7 and  8 indicate  lower  strains  in  the  outstanding  leg  of  the  angle  and  in 
the  simulated  shear  web.  Thus  the  stringer  pickup  in  the  grips  was  not  fully 
effective  and  the  stress  distribution,  rather  than  uniform,  consisted  of  com- 
bined tension  and  transverse  bending.  Although  not  intended,  this  does 
simulate  a typical  mix  of  tension  and  bending  for  a wing  surface. 

Important  in  the  strain  gage  readings  for  Cycle  No.  1 (when  there  were 
no  cracks  except  the  small  initial  cracks)  was  the  stress  magnification  in  the 
skin.  In  particular,  the  average  of  Gages  No.  2 and  4 on  the  Cycle  No.  1 
indicated  a local  stress  18  percent  higher  than  nominal  in  the  immediate  path 
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Figure  1C8.  Strain  Gage  Locations  and  Results  on  Edge  Stringer 
Specimen  4.9-7 
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of  the  inside  skin  crack.  Note  also  for  Cycle  13952  that  the  cracking  sub- 
stantially magnified  the  gage  reading  for  Gage  No.  6 while  affecting  the 
others  to  a lesser  extent. 

2 . 2 Discussion  of  Results 

Figure  109  summarizes  the  crack  growth  lives  for  the  edge  stringer 
specimens.  The  initial  damage  conditions  are  shown  for  each  specimen,  and 
the  predicted  crack  growth  lives  are  compared  to  the  test  lives.  In  the  tests, 
specimen  failure  always  occurred  soon  after  one  member  failed.  This  agreed 
with  the  preselected  failure  criterion  for  the  prediction:  When  one  member 
fails  the  specimen  fails. 

All  eight  specimens  with  initial  cracks  in  both  the  angle  and  the  skin 
had  nearly  identical  crack  growth  lives,  ranging  from  17,300  cycles  for 
Specimen  4.9-8  to  23,000  cycles  for  Specimen  4.9-5.  Among  those  eight  the 
most  significant  variable  was  initial  crack  location.  Lives  for  the  four 
specimens  with  outside  initial  cracks  in  both  members  ranged  from  19,600 
cycles  to  23,000  cycles,  whereas  test  lives  for  the  four  specimens  with  inside 
initial  cracks  in  both  members  ranged  from  17,300  to  18,400  cycles.  For  the 
outside  initial  cracks,  continuing  damage  flaws  if  present  seemed  to  have  a 
small  detrimental  effect,  whereas  the  interference  and  torque  on  the 
secondary  fastener  (F2)  in  the  crack  plane  seemed  to  have  a beneficial  effect. 
Neither  continuing  damage  flaws  nor  torque  and  interference  on  the  secondary 
fastener  appeared  to  significantly  affect  the  crack  growth  life  for  specimens 
with  double  inside  initial  cracks. 

Specimens  with  an  initial  crack  in  just  the  angle  or  just  the  skin  lasted 
longer  than  specimens  with  initial  cracks  in  both  the  angle  and  the  skin. 

This  life  extension  resulted  from  the  natural  transfer  of  load  from  the 
cracked  member  to  the  uncracked  member,  which  slowed  the  growth  rate  of  the 
crack.  This  occurred  to  some  extent  in  all  four  specimens  with  single  initial 
cracks.  However,  the  resulting  life  extension  was  small  in  Specimen  4.9-12 
because  the  inside  skin  crack  grew  out  of  the  region  of  influence  of  the  angle 
(necessitating  stop  drilling)  before  the  load  transfer  from  the  skin  to  the 
angle  became  very  large. 
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Except  for  those  of  Specimens  4.9-11  and  4.9-12,  all  of  the  predicted 
crack  growth  lives  were  within  a factor  of  1.33  of  the  actual  test  lives.  This 
accuracy  is  achieved  without  accounting  for  load  shedding  from  cracked  to  less- 
cracked  members.  Accounting  for  load  shedding  could  make  predictions  more 
accurate  in  some  cases  and  less  accurate  in  others. 

The  somewhat  larger  error  in  the  predictions  for  Specimen  4.9-11  and  -12 

is  caused  by  underestimating  the  growth  rate  of  the  inside  crack  in  the  skin. 

A uniform  gross  area  stress  of  S =17  ksi  was  assumed  for  the  prediction. 

max 

Recall  from  Figure  109  that  the  strains  at  gage  locations  No.  2 and  4 were  higher 
than  the  average.  For  Cycle  No.  1,  the  stress  value  indicated  by  use  of  the 
average  of  strain  Gages  2 and  4 is  calculated  as  follows: 

^max  ~ 17.0  x-:^  (1.246  + 1.114)  ksi  = 20.06  ksi  (91) 

The  prediction  of  the  growth  of  the  inside  skin  crack  was  redone  using 
^max  ~ ^ ~ result  was  applicable  to  Specimens  4.9-7',  -8,  -9, 

-11,  and  -12  and  is  shown  for  these  specimens  in  the  respective  data  plots 
in  Volume  II.  The  revised  crack  growth  estimate  for  the  inside  skin 
crack  closely  follows  the  data  in  all  cases.  The  life  predictions  for 
Specimens  4.9-7  and  -8  are  unaffected  because,  with  continuing  damage  flaws 
in  the  angle,  the  angle  is  theoretically  the  first  member  to  fail.  However, 
the  life  predictions  for  Specimens  4.9-9,  -11  and  -12  are  improved.  The 
improved  estimates  are  18,000,  17,700  and  17,900  cycles,  shown  in  Figure  109  by 
tick  marks  on  the  bars  for  the  predictions. 

With  the  improved  analysis,  the  predicted  critical  member  for  Specimen 

4.9-9  is  corrected:  For  S^^^  - 17  ksi  in  both  members,  the  angle  is  computed 

to  be  the  first  member  to  fail,  whereas  for  S =20  ksi  in  the  skin,  the 

max  ’ 

skin  is  predicted  to  fail  first  in  this  specimen.  The  latter  is  correct, 
since  stop-drilling  of  the  skin  crack  became  necessary  before  the  angle  failed. 

The  outside  crack  in  the  angle  consistently  grew  faster  than  predicted. 
Figure  111  shows  the  prediction  compared  to  data  from  five  outside  angle 
cracks  from  four  different  specimens.  (Both  angles  of  Specimen  4.9-6  were 
precracked  and  both  cracks  grew,  providing  the  extra  set  of  data.)  In  the 
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NOTES: 

1.  SKIN  CRACK  BROKE  THRU  TO  EDGE  A. 

2 SKIN  CRACK  B INITIATED  AND  GREW  HOLE  TO  HOLE. 

3.  ANGLE  CRACK  C INITIATED  AND  GREW  HOLE  TO  HOLE. 
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prediction,  the  angle  was  imagined  to  be  unbent  and  was  modeled  as  a planar 

strip,  as  indicated  in  the  sketch  in  Figure  110.  A uniform  gross  area  stress 

of  S =17  ksi  was  assumed  with  no  load  transfer  between  the  angle  and 
max 

either  the  skin  or  the  simulated  web.  According  to  the  prediction,  the  crack 
at  point  C in  the  angle  (see  Figure  110),  should  not  have  initiated  until  after 
the  main  crack  had  reached  the  top  edge  of  the  angle. 

There  are  several  possible  sources  of  error  in  these  analyses,  but  some 
of  them  should  have  tended  to  make  the  life  predictions  too  short  rather  than 
too  long.  A listing  of  these  sources  of  error  follows: 

• The  nominal  stresses  are  close  to  S =17  ksi  in  the  base  of  the 

angle,  but  are  perhaps  as  much  as  ten  percent  lower  halfway  up  the 
outstanding  leg  of  the  angle,  according  to  the  strain  gage  measure- 
ments (Figure  108).  An  adjusted  analysis  would  have  an  increased 
error. 

• Modeling  the  angle  as  an  unbent  (planar)  strip  as  discussed  in  Sec- 
tion V,  Paragraph  5.1  underestimates  the  width  correction  factor  for  the 
stress  intensity.  Furthermore,  after  the  crack  passes  the  corner 

of  the  angle  it  induces  eccentricity  like  an  edge  crack,  and  the 
loss  of  area  induces  a crack-opening  bending  moment.  Adjusted 
analyses  to  include  these  two  effects  would  have  a decreased  error. 

• For  Specimens  4.9-2,  -3  and  -5  the  outside  skin  crack  broke  through 
to  the  free  edge  just  before  the  angle  crack  accelerated.  (See 
Note  1 in  Figure  110).  With  this  extensive  skin  damage  there  should 
have  been  load  transfer  from  the  skin  to  the  angle.  If  the  analysis 
had  included  this  the  prediction  for  the  angle  would  have  been 
improved.  However,  in  Specimen  4.9-6  the  skin  was  uncracked  and 
should  have  picked  up  load  from  the  base  of  the  angle.  Furthermore, 
the  web  always  remained  uncracked  and  should  have  picked  up  load 
from  the  outstanding  leg  of  the  angle.  An  adjusted  analysis  to 
include  effects  of  load  transfer  to  the  simulated  web  or  the  skin 
would  have  increased  the  error  of  the  prediction. 

• In  both  angles  of  Specimen  4.9-6  there  were  early  crack  initiations  at 
point  C in  the  sketch  in  Figure  110.  According  to  the  prediction  and 
data  from  the  other  specimens  these  cracks  should  not  have  initiated. 
These  early  initiations  may  have  resulted  from  residual  predamage  that 
was  introduced  during  precracking  and  was  not  fully  removed  when  the 
undersized  holes  for  precracking  were  enlarged  to  final  size.  (As  dis- 
cussed in  Section  VI,  Paragraph  1.2  there  had  been  problems  during 
precracking  of  outside  angle  cracks,  and  several  angles  had  to 

be  scrapped  because  a crack  kept  initiating  on  the  wrong  side  of 
the  hole.  Thus  the  presence  of  undetected  predamage  on  that  side  of 
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the  hole  in  these  two  angles  would  not  be  surprising,)  Whatever  their 
origin,  if  the  early  occurrence  of  these  secondary  cracks  had  been 
considered  in  the  prediction,  the  predicted  growth  rate  of  the  outside 
crack  would  have  been  faster  and  more  consistent  with  the  test  results. 

Despite  all  the  possible  sources  of  error,  the  predictions  were  well 
within  a factor  of  2 of  the  test  results  on  all  12  tests.  Similar  predic- 
tability was  achieved  on  the  24  specimens  with  central  tee  stringers. 

3.  TWO-BAY  SPECIMENS 

Four  two-bay  specimens  were  precracked  and  constant  amplitude  tested 
at  two  stress  levels  to  verify  that  the  crack  growth  patterns  for  the  center 
stringer  and  edge  stringer  specimens  extrapolate  to  multiple  stringer  struc- 
ture and  to  other  stress  levels. 

3. 1 Strain  Gage  Results 

Strain  gages  were  placed  on  two  of  the  two-bay  specimens,  4.10-1  and 
4.10-3.  The  purposes  of  taking  the  strain  gage  readings  were: 

• To  check  the  uniformity  of  the  stress  distribution  and  estimate 
the  extent  of  lateral  bending. 

• To  ascertain  whether  the  strain  distributions  in  the  two-bay 
specimens  reproduce  each  other  and  those  of  the  center-stringer  and 
edge  stringer  specimens. 

• To  record  how  the  strains  change  as  a function  of  crack  size. 

Both  strain-gaged  specimens  were  tested  at  S =12  ksi,  R = 0.1. 

max 

Figures  HI  and  112  show  the  strain  gage  locations  and  results.  The  precracks 
in  Specimen  4.10-1  were  in  the  tee  and  skin  at  the  location  shown  in  the  top 
sketch  of  Figure  111.  The  precracks  in  4.10-3  were  in  the  angle  and  skin  as 
shown  in  Figure  112.  The  strains  shown  in  parentheses  are  normalized  values, 
equal  to  E A c/A  S,  where  AS  = 10.8  ksi. 
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N = 1 CYCLE 

• GAGES  1.  2.  5.  AND  6 ARE  0.5  FASTENER 

SPACING  FROM  PRECRACK  PLANE 

• GAGES  3 AND  4 ARE  1.5  FASTENER 

SPACINGS  FROM  PRECRACK  PLANE 

• NUMBERS  IN  PARENTHESES  ARE  NORMALIZED 

STRAIN.  EAE/AS.  VALUES  WOULD  BE  1.0  FOR 
PERFECTLY  UNIFORM  STRAIN 


NOTE 

CROSS  HATCHING 
INDICATES  CRACKED  AREA 
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Figure  111. 


Summary  of  Strain  Gage  Data  from  Specimen  4.10-1 
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• NUMBERS  IN  PARENTHESES  ARE  NORMALIZED 

STRAIN,  EA€/AS.  values  would  BE  1.0  FOR 
PERFECTLY  UNIFORM  STRAIN. 

• GAGE  1 IS  IN  PRECRACK  PLANE. 


• GAGES  4,  5,  AND  6 ARE  1/2  FASTENER  SPACING 
FROM  PRECRACK  PLANE. 


• GAGES  2 AND  3 ARE  1.5  FASTENER  SPACINGS 
FROM  PRECRACK  PLANE. 
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Figure  112.  Summary  of  Strain  Gage  Data  from  Specimen  4.10-3 
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The  dimensions  and  notes  at  the  top  of  each  figure  are  sufficient  to 
locate  the  gages.  When  the  gage  is  on  a hole  centerline,  no  dimension  is 
shown. 

Several  of  the  gages  on  two-bay  Specimens  4.10-1,  4.10-3,  center  stringer 
specimen  4. 8- 1-2,  and  edge-stringer  specimen  4.9-7  were  located  in  comparable 
positions.  Quantities  in  square  brackets  at  the  top  of  Figure  113  provide 
these  corresponding  strain  gage  readings. 

• Note  that  prior  to  crack  growth  the  strains  in  the  angle  stringer 
were  ten  percent  lower  at  gages  7 and  6 in  edge  stringer 
Specimen  4.9-7  than  at  corresponding  gages  1 and  2 in  two-bay 
Specimen  4.10-3.  However  the  strains  in  the  skin  near  the  angle 
stringer  were  comparable  in  these  two  specimens  (gages  3 and  4 in 
both  Specimens). 

• The  initial  strains  at  gages  4 and  6 in  Specimen  4.10-1  differ  by 
10  percent. 

• The  initial  strain  at  gage  3 of  Specimen  4.10-1  is  more  than  1.5  times 
that  at  gage  6 in  Specimen  4.10-3.  No  explanation  is  apparent.  It 
appears  (from  gage  6 of  4.10-1  especially)  that  the  stresses  in  the 
tee  are  lower  than  nominal,  because  the  grips  do  not  have  direct 
stringer  pickup. 

• The  strains  at  gages  1 and  2 on  the  skin  of  Specimen  4.10-1  are  com- 
parable to  those  at  corresponding  gages  4 and  5 in  Specimen  4.10-3. 

• The  initial  strains  at  gages  4 and  5,  located  on  the  skin  4 inches 
from  the  edge  of  center-stringer  Specimen  4. 8-1-2,  are  10  percent 
lower  than  the  corresponding  strains  at  either  gage  4 in  Specimen 
4.10-3  or  gage  1 in  Specimen  4.10-1. 

Strains  also  change  with  crack  length  as  shown  in  Figures  111  and  112.  In 
particular,  note  the  gradual  increase  in  strain  with  crack  length  in 
gages  1 and  6,  Figure  111;  and  1 and  5,  Figure  112. 
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3.2  Discussion  of  Test  Results 


Specimens  4.10-1  and  4.10-3  were  tested  at  a maximum  gross  area  stress 

of  S =12  ksi,  R = 0.1.  Specimens  4.10-2  and  4.10-4  were  tested  at 
max 

S =17  ksi,  R = 0.1.  Marking  cycles  were  used  in  which  S was  maintained 
max  ’ niax 

while  the  stress  ratio  was  increased  to  0.82. 

Specimens  4.10-3  and  4.10-4  were  nominally  identical,  with  0.050-inch 
inside  corner  cracks  in  the  angle  and  (at  the  same  holes)  the  skin. 

Figure  113  is  a plot  of  crack  size  versus  time,  with  the  time  scale  normalized 
by  the  number  of  cycles  to  failure.  Thus,  differences  between  the  plots  for 
the  two  specimens  indicate  different  relative  time  periods  for  the  various 
crack  initiation  and  crack  growth  segments  which  sequentially  combine  to  cause 
the  final  failure. 

To  understand  the  difference  observed,  consider  the  damage  condition  when 
90  percent  of  the  life  has  been  consumed.  Since  failure  occurs  rapidly 
thereafter,  this  damage  condition  can  be  considered  for  practical  purposes  to 
be  a critical  (pre-failure)  condition.  For  specimen  4.10-3  this  damage  is 
much  more  extensive,  because  the  applied  stress  is  lower.  In  order  to 
achieve  this  damage  condition,  the  cracks  in  Specimen  4.10-3  had  to  reach 
other  lengths  earlier  than  the  cracks  in  4.10-4.  This  tends  to  explain  all 
the  differences  between  these  two  tests  results  shown  in  Figure  114. 

Thus  the  differences  observed  are  exactly  what  would  be  expected  to 
result  from  a stress  level  change.  This  is  an  important  observation,  since 
all  specimens  in  this  program  were  run  at  one  stress  level,  17  ksi.  This 
comparison  suggests  that  phenomena  observed  in  the  stringer  reinforced  tests 
run  at  17  ksi  would  also  be  expected  at  different  stress  levels. 

Comparison  of  the  fracture  surfaces  of  these  two  specimens  also  provides 
strong  support  for  this  argument.  Figure  114  shows  sawed-off  midsegments  of 
the  bottom  half  of  Specimen  4.10-3  and  the  top  half  of  4.10-4.  The  crack 
paths  are  so  closely  matched  in  every  detail  that  these  appear  to  have  come 
from  the  same  specimen. 
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SPECIMEN  4-10-3 
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Figure  114.  The  Nearly  Identical  Crack  Paths  of  Specimens  4.10-3  and  4.10-4 

Note  that  as  the  crack  grew  across  each  specimen  from  member  to  member, 
the  crack  plane  shifted  from  one  fastener  hole  to  the  one  Immediately  above 
or  below.  This  shifting  is  expected  in  parallel-load-path  structure  because 
the  stress  severity  factor  is  maximum  at  the  location  one  fastener  hole  from 
the  crack  plane,  where  load  is  transferred  from  the  cracked  member.  Finger- 
tight,  clearance-fit  fasteners  were  used  in  all  two-bay  specimens  all  the  way 
across  the  plane  of  the  precrack.  All  other  fasteners  (including  those  one 
fastener  hole  from  the  crack  plane)  were  interference  fit,  fully  torqued. 
Nevertheless,  the  crack  plane  shifted  in  Specimens  4.10-3  and  4.10-4  to  a 
plane  of  these  torqued,  interference-fit  fasteners. 

Specimens  4.10-1  and  4.10-2  were  also  initially  identical,  with 
0.050-inch  outside  corner  flaws  located  at  the  faying  surface  between  the 
central  tee  and  one  sheet  at  the  same  fastener  hole.  Results  of  testing  them 
at  the  two  different  stress  levels  are  shown  in  Figure  115.  The  normalized 
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crack  growth  curve  for  Specimen  4.10-2,  tested  at  S =17.0  ksi,  is  to  the 

max  ’ 

right  of  the  corresponding  curve  for  Specimen  4.10-1,  tested  at  S =12  ksi. 

max 

These  two  specimens  show  the  same  trend  of  differences  as  shown  in  Figure  114 
for  Specimens  4.10-3  and  4.10-4,  due  to  the  longer  critical  crack  length  for 
the  lower  stress  level. 

In  contrast  to  Specimens  4.10-3  and  4.10-4,  the  crack  paths  of 

Specimens  4.10-1  and  4.10-2  were  different  from  one  another.  In  Specimen 

4.10-1  the  initial  crack  grew  to  the  angle  stringer  and  arrested  in  the  first 

fastener  hole  it  encountered.  After  subsequent  failure  of  the  tee,  crack 

initiation  in  the  initially-undamaged  skin  member  occurred  in  the  plane  of 

the  existing  cracks,  as  it  had  in  tee-reinforced  split-skin  Specimens  4. 8-3-7 

and  4. 8-3-8.  (These  were  tested  at  S =17.0  ksi  but  had  the  same 

max 

initial  crack  conditions,  and  the  main  skin  cracks  were  stop-drilled  at  a 
length  of  about  1.6  inches.)  In  contrast  to  this,  the  initial  crack  in 
Specimen  4.10-2  bypassed  the  angle  fastener  and  grew  uninterrupted  to  the 
free  edge.  Subsequent  to  failure  of  the  tee,  a crack  developed  in  the 
initially-undamaged  skin  member  one  fastener  hole  away  from  the  existing 
crack  plane. 

It  is  not  clear  why  one  crack  arrested  at  the  fastener  hole  and  one 
did  not.  However,  the  subsequent  location  of  the  initiated  crack  in  the 
initially  undamaged  skin  is  rationally  explainable.  As  suggested  by  the 
earlier  discussion,  the  crack  will  shift  planes  if  the  load  transfer  is  high 
enough  to  overcome  the  beneficial  effects  of  fastener  torque  and  interference 
on  the  stress  severity  factor  of  the  hole.  In  Specimen  4.10-2  the  unarrested 
crack  and  high  stress  level  lead  to  a high-load-transfer  situation  in  the 
plane  adjacent  to  the  existing  crack.  The  result  was  static  fracture  in  that 
plane.  Because  of  the  low  stress  level  and  the  crack  arrestment  in 
Specimen  4.10-1,  and  because  of  the  stop-drilling  in  the  tee-reinforced  split- 
skin  specimens,  the  loads  and  the  load  transfer  were  lower  and  a fatigue  crack 
initiated  in  the  clearance  fit,  untorqued  fastener  in  the  plane  of  prior 
cracking. 


255 


Another  purpose  of  testing  the  two-bay  stringer  specimens  was  to  see 

whether  the  added  structural  complexity  would  result  in  significant  differences 

in  crack  growth  behavior.  This  assessment  was  accomplished  by  comparing  test 

data  from  Specimens  4.10-2  and  4.10-4,  which  were  tested  at  S =17  ksi,  to 
^ max 

corresponding  center  stringer  or  edge  stringer  specimens  previously  tested  at 

S =17  ksi. 
max 

Tee-reinforced  split-skin  specimens  4. 8-3-7  and  4. 8-3-8  were  comparable 
to  Specimen  4.10-2.  All  three  had  double  initial  outside  cracks  in  the  tee 
and  skin,  no  continuing  damage,  and  all  fasteners  on  the  crack  line  installed 
with  a clearance  fit  and  low  fastener  torque. 

Figure  116  shows  the  early  crack  growth  histories  of  these  three 
specimens.  It  can  be  seen  that  the  added  structural  complexities  did  not 
significantly  alter  the  early  crack  growth  rates.  Note  that  the  growth  of 
the  initial  skin  cracks  for  all  three  specimens  accelerated  rapidly  after  the 
initiation  of  a new  skin  crack  on  the  opposite  side  of  the  initial  cracks. 

Figure  117  compares  the  early  crack  growth  histories  for  two-bay 
Specimen  4.10-4  and  edge-stringer  Specimen  4.9-9.  Both  had  double  initial 
inside  cracks  in  the  angle  and  skin,  no  continuing  damage  flaws,  and 
clearance  fit  fasteners  with  low  fastener  torque  in  the  plane  of  the  precrack. 
The  secondary  cracks  initiated  about  4000  cycles  earlier  and  the  growth  rates 
of  the  initial  cracks  were  slightly  faster  in  the  two-bay  specimen  than  in 
Specimen  4.9-9.  However,  these  differences  were  small  and  it  appears  that 
no  significant  changes  in  crack  growth  result  from  the  added  structural 
complexity  of  the  two-bay  specimen. 

4.  SUMMARY  OF  CONCLUSIONS  FROM  TESTS  OF  STRINGER-REINFORCED  PANELS 

From  an  overall  review  of  Section  VIII,  a number  of  observations  can  be 
made.  These  are  summarized  in  the  following  paragraphs. 

For  stringer  reinforced  specimens  with  0.050-inch  corner  precracks  in 
both  the  stringer  and  sheet  at  a common  fastener  hole,  the  crack  growth 
predictions  were  accurate  within  a factor  of  about  1.6  without  considering 
load  shedding  from  cracked  to  intact  members.  Predictions  could  be 
farther  off  if  load  shedding  were  accounted  for.  It  should  be  kept  in 
mind  that  the  conditions  for  predicting  were  close  to  ideal,  in  that 
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Figure  117.  Early  Crack  Growth  in  Comparable  Two-Bay  and  Edge-Stringer  Specimens 


• 7075-T6  Aluminum,  a good  fracture  mechanics  material,  was  used. 

• One  of  the  simplest  of  test  conditions  (uniaxial  constant  amplitude 
fatigue  cycling,  R = 0.1,  controlled  laboratory  air  environment) 
was  used. 

• A complete  set  of  baseline  data  was  generated  specifically  for  pre- 
dicting crack  growth  for  these  specimens. 

• There  were  strict  controls  on  specimen  manufacture,  precracking,  and 
assembly  procedures. 

In  making  predictions  for  structure  in  service,  where  the  above  ideal 
conditions  are  not  generally  present  and,  in  addition,  the  loads  and  environ- 
ments are  unknown  and  variable,  the  reliability  of  crack  growth  predictions 
could  be  substantially  less  than  has  been  observed  in  this  research  program. 

The  crack  growth  life  is  significantly  reduced  when  a simulated 

0.005-inch  continuing  damage  flaw  is  present  on  the  opposite  side  of  the  hole 

containing  the  initial  0.050-inch  corner  flaw.  At  S =17  ksi,  R = 0.1, 

max 

continuing  damage  flaws  located  at  other  locations  had  a negligible  effect  on 
life,  although  they  did  tend  to  grow  as  quarter-circular  corner  flaws. 

Excluding  cases  with  a continuing  damage  flaw  and  a primary  crack  on 
opposite  sides  of  the  same  hole,  variations  in  initial  flaw  multiplicity  had 
little  effect  on  early  growth  rates.  However,  single-crack  specimens  lasted 
longer  because  the  crack  had  to  initiate  in  the  secondary  member. 

When  no  continuing  damage  flaws  were  present,  the  first  new  flaws  to 
initiate  were  on  the  opposite  side  of  the  hole  containing  the  precracks.  The 
initiation  occurred  especially  fast  if  the  precrack  grew  to  a free  edge, 
creating  a deep  edge  notch.  Fatigue  crack  initiation  data  can  be  used  to 
predict  the  nucleation  of  these  secondary  cracks. 

For  the  inside  crack  in  a tee  stringer  growing  across  the  junction 
of  the  base  and  protruding  leg  of  the  tee,  the  crack  front  shape  was  approxi- 
mately quarter-circular  as  sketched  in  Figure  55  for  constant  amplitude  cycling 
at  S =17.0  ksi;  whereas  for  spectrum  loading  where  the  maximum  spectrum 
stress  was  30  ksi,  double  crack  tunneling  occurred  along  the  base  and  up  the 
protruding  leg  as  seen  in  Figures  105  and  106. 
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The  lives  of  the  split-skin  tee  reinforced  specimens  were  shorter  than  the 
corresponding  lives  of  the  continuous-skin  specimens.  The  split  in  the  skin 
and  the  0.062-inch  increase  in  the  fastener  diameter  slightly  accelerate  the 
crack  growth  process. 

Crack  growth  in  the  angle-shaped  edge  stringer  tended  to  be  somewhat 
faster  than  predicted.  It  appears  that  in-plane  and  transverse  bending  effects 
occur  which  are  not  completely  considered  in  the  analysis  used. 

The  practice  of  stop-drilling  the  skin  crack  proved  to  be  an  effective 
repair  procedure  for  the  stringer  reinforced  specimens  when  a fully  torqued 
Hi-lok  fastener  was  installed  in  the  stop-drilled  hole. 

Spectrum  loading  using  the  80-flight  periodic  loading  sequence,  marked 
the  fracture  surface  so  that  the  crack  growth  rates,  crack  front  shape,  and 
cracking  sequence  are  clearly  discernable  on  the  fracture  surface. 

Although  the  two-bay  specimens  introduced  more  structural  complexity, 
the  crack  growth  lives  and  cracking  sequence  were  similar  to  the  comparable 
center  stringer  and  edge  stringer  specimens. 

Stress  level  had  a predictable  effect  in  the  two-bay  specimen.  The 
critical  crack  length  is  shorter  at  the  higher  stress  level  so  the  growth 
of  very  short  cracks  encompasses  a larger  percentage  of  the  crack  growth  life. 

In  stringer  reinforced  structure,  there  can  be  a tendency  for  cracks  to 
nucleate  in  an  undamaged  member  one  fastener  hole  away  from  the  plane  of 
cracking  of  the  adjacent  member,  because  the  load  transfer  is  maximum  at 
that  fastener  hole.  In  some  specimens,  the  crack  was  biased  to  remain  in  the 
plane  of  the  precrack,  the  only  place  where  all  fasteners  are  low-torqued 
clearance-fit. 
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APPENDIX  A 


SUMMARY  OF  MIL-A-83444 


The  Air  Force  Damage  Tolerance  Specification  MIL-A-83444  (Reference  1) 
requires  that  all  primary  aircraft  structures  be  designed  and  qualified  to 
comply  with  specific  requirements  of  one  of  several  categories  of  damage  tol- 
erant structures.  This  can  be  accomplished  by  providing  acceptable  combina- 
tions of  initial  quality,  slow  crack  growth  rates,  and  levels  of  detectability; 
and  by  use  of  multiple  load  path  or  crack  arrest  designs. 

Figure  A-1  is  a flow  diagram  summarizing  the  requirements  of  MIL-A-83444. 
These  requirements  can  be  satisfied  by  successfully  following  any  one  path 
from  the  top  of  the  flow  diagram  to  the  bottom.  Alternative  sets  of  require- 
ments are  established  for  slow  crack  growth  structure  and  fail-safe  structure. 
Any  structure  may  qualify  as  slow  crack  growth  structure,  but  single  load  path 
structure  may  not  qualify  as  fail-safe  structure. 

Initial  crack  sizes  a „ at  the  beginning  of  the  design  lifetime  are  speci- 

Li  i. 

fied  in  Section  3.1.1  of  MIL-A-834A4.  The  specified  length  of  the  primary 
crack,  for  slow  crack  growth  structure  is  2.5  times  larger  than  that  for  fail- 
safe structure.  In  addition  to  the  primary  crack,  a multiplicity  of  small 
secondary  cracks  are  specified  to  pre-exist  throughout  the  structure. 

As  Figure  A-1  indicates,  the  first  step  in  evaluating  a proposed  design 
in  terms  of  MIL-A-83444  requirements  is  to  compute  crack  size  versus  time  for 
the  most  critical  initial  crack  location,  using  the  specified  initial  crack 
sizes  a (Here  the  term  "crack  size"  includes  the  length  of  the  primary 

1-1  L 

crack  and  the  length  of  any  secondary  crack  that  can  have  a possible  bearing 
upon  the  failure  process.)  Typical  crack-size-versus-time  curves  are  shown 
schematically  for  slow  crack  growth  structure  in  Figure  A-2  and  for  fail-safe 
structure  in  Figure  A-3.  Once  this  curve  has  been  established,  all  of  the 
damage  tolerance  requirements  can  be  considered  in  a routine  manner. 
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Figure  A-1.  Damage  Tolerance  Design  Requirements 
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Figure  A-2.  Requirements  for  Slow  Crack  Growth  Structure 


Figure  A-3.  Requirements  for  Fail-Safe  Structure 


TABLE  A-1.  ALTERNATIVE  REQUIREMENTS  FOR  REMAINING  STRUCTURE 
AFTER  CRACK  ARREST  OR  LOAD-PATH  FAILURE 
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Slow  crack  growth  structure  (Figure  A-2)  is  the  simpler  type  because  only 
one  requirement  needs  to  be  satisfied:  The  structure  with  an  initial  or 
inspectable  extent  of  damage  must  be  capable  of  sustaining  a specified  resi- 
dual strength  load  at  all  times  throughout  two  inspection  periods.  There  are 
two  alternative  ways  to  satisfy  this  requirement.  They  differ  only  in  the 
type  of  inspection  used.  For  in-service  noninspectable  damage,  the  initial 
crack  size  is  the  assumed  size  a^^^  at  the  start  of  the  lifetime;  the  inspec- 
tion interval  is  one  design  lifetime;  and  the  residual  strength  requirement  is 
P as  specified  in  Table  I of  MIL-A-834AA.  For  depot-  or  base-level  inspec- 
table damage,  the  initial  crack  size  a^j^  is  specified  in  Section  3.1.2  of 
MIL-A-83AAA;  the  typical  inspection  interval  is  1/A  design  lifetime;  and  the 
residual  strength  requirement  is  as  specified  in  Table  I of  MIL-A-83AAA 

(Note  that  fact,  proceeding  in  order  from  left  to  right  in  Fig- 

ure A-1  the  initial  crack  sizes  increase  while  the  inspection  intervals  and 
residual  strength  requirements  decrease  for  slow  crack  growth  structure) . 

The  requirements  for  fail-safe  structure  are  somewhat  more  complex, 
because  three  requirements  in  all  must  be  satisfied.  As  shown  in  Figure  A-3, 
the  crack-growth  history  for  fail-safe  structures  consists  of  three  parts. 

An  initial  period  of  stable  crack  growth  is  followed  by  a local  crack  in- 
stability when  a load  path  fails  (for  fail-safe  multiple  load  path  structure) 
or  unstable  crack  propagation  occurs  (for  fail-safe  crack-arrest  structure). 
After  the  remaining  members  survive  the  initial  load-path  failure  or  the 
unstable  crack  is  arrested,  there  is  another  period  of  stable  crack  growth. 

Correspondingly,  the  three  requirements  for  fail-safe  structure  are  as 
follows.  Prior  to  local  crack  instability  the  structure  with  a specified 
extent  of  initial  or  inspectable  damage  must  be  capable  of  sustaining  the 
specified  residual  strength  load  at  all  times  throughout  one  inspection  period 
without  load  path  failure  or  local  crack  instability.  Secondly,  when  the  load 
path  fails  or  the  crack  becomes  locally  unstable,  the  remaining  structure  must 
have  a static  residual  strength  capable  of  sustaining  the  load  path  failure 
load  times  a specified  dynamic  factor.  Thirdly,  after  load  path  failure  the 
remaining  damaged  structure,  with  a specified  degree  of  inspectability , must 
be  capable  of  sustaining  a specified  residual  strength  load  throughout  a 
specified  number  of  inspection  periods  without  total  failure  of  the  structure. 
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The  first  two  requirements  for  fail-safe  structure  may  be  satisfied  in 
either  of  two  ways,  depending  on  the  type  of  inspection  selected.  Both  al- 
ternative ways  are  shown  in  Figure  A-3.  For  in-service  noninspectable  damage 
the  initial  crack  size  is  the  size  a^^^  assumed  at  the  start  of  the  lifetime 
of  the  fail-safe  structure;  the  inspection  interval  is  one  design  lifetime; 
the  residual  strength  load  is  P, and  the  dynamic  load  is  P-_  times  Dynamic 
Factor,  D.F.  (Section  3.1.3  of  MIL-A-83444) . For  depot-  or  base-level  in- 
spectable  damage  the  initial  crack  size  is  a^^^;  the  typical  inspection 
interval  is  1/4  design  lifetime;  the  residual  strength  load  is  P^j^;  and  the 

dynamic  load  is  P^,,  times  D.F. 

DM 

The  third  requirement  for  fail-safe  structure  may  be  satisfied  in  any 
of  five  ways,  depending  upon  the  level  of  inspectability  of  the  damage  sub- 
sequent to  load  path  failure  or  crack  arrest.  Inspectability  depends  not 
only  upon  damage  size  but  also  accessibility.  Thus,  the  damage  subsequent 
to  load  path  failure  or  crack  arrest  may  be  in-flight  evident  (£„„),  ground 
evident  (?Qg) , walkaround  inspectable  (2yy) . special  visual  inspectable 
(fgvL  depot-  or  base-level  inspectable  • Each  of  these  inspec- 

tability levels  is  defined  in  Section  6.2  of  Reference  1.  Table  A-1  shows 
the  required  crack  growth  period  and  residual  strength  load  corresponding 
to  each  of  these  five  alternatives.  Both  the  required  crack  growth  period 
and  the  required  residual  strength  load  are  listed  in  order  by  increasing 
magnitude.  Therefore,  the  more  readily  Inspectable  the  remaining  damage, 
the  easier  it  is  to  satisfy  this  requirement. 
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APPENDIX  B 


SPECIMEN  DRAWINGS 


The  drawings  of  the  structural  specimens  are  included  either  in  this 
appendix  or  in  the  main  text  of  this  volume,  according  to  Table  B-1. 


TABLE  B-1.  DIMENSIONED  DRAWINGS  FOR  STRUCTURAL  SPECIMENS 


Specimen 

Type 

Specimen  Description 

Figure 

Number 

A.6A-X 

Thick  Double  Lap  Joint 

2 

4.6B-X 

Thin  Double  Lap  Joint 

3 

A.7-X 

Single  Lap  Joint 

A 

A.8-1-X 

Tee  Stringer/Continuous  Skin 

B— 1 

A.8-3-X 

Tee  Stringer/Split  Skin 

B-1 

A.9-X 

Edge  Stringer 

B-2 

A.IO-X 

Two  Bay 

B-3 
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Figure  B-2.  Drawing  for  Edge  Stringer  Specimens 
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APPENDIX  C 


FATIGUE  TESTS  OF  CONTINUING  DAMAGE  FLAWS 


(The  work  discussed  in  this  appendix  was  conducted  under  other  funding 
and  reported  in  Reference  55.  Because  of  the  relevance  of  this  work,  the 
following  is  excerpted  from  Reference  55.) 

For  damage  tolerance  testing  of  complex  structure  it  is  not  feasible  to 
fatigue-induce  a controlled  precrack  at  more  than  one  fastener  hole  per 
structural  member.  Therefore  an  alternate  technique  was  required  for  com- 
plex structural  specimens  to  induce  continuing  damage  flaws  equivalent  to 
the  0.005  inch  radius  fatigue-induced  cracks  required  in  Reference  1. 

Figure  C-1  illustrates  schematically  what  is  meant  by  equivalent  initial 
flaws.  For  two  flaws  to  be  equivalent,  their  growth  histories  must  merge  at 
some  point  in  time.  Furthermore,  the  crack  size  when  the  merging  occurs  must 
be  fairly  small  (0.050  inch,  for  example)  so  that  prior  differences  in  flaw 
size  do  not  significantly  affect  the  nucleation  or  growth  of  neighboring 
cracks . 

Preliminary  spectrum  fatigue  tests  were  conducted  on  specimens  with  a 
razor-induced  flaw  at  the  edge  of  a 0.250-inch  diameter  hole.  Data  were 
obtained  for  6 holes  with  0.035-inch  razor-induced  flaws  and  6 holes  with 
0.014-inch  razor-induced  flaws.  A crack  growth  analysis  was  used  to  estimate 
the  time  required  for  a 0.005-inch  fatigue-induced  corner  crack  to  grow  to  a 
length  of  0.050  inch  under  the  same  loading  spectrum.  By  interpolation,  it 
was  estimated  that  a 0.020-inch  razor  induced  flaw  would  require  the  same 
time.  Thereby  it  was  hypothesized  that  a 0.020-inch  razor-induced  flaw  is 
equivalent  to  a 0.005-inch  fatigue-induced  crack. 

C.l  CONTINUING  DAMAGE  FLAW  TEST  PROGRAM 

Following  the  preliminary  tests,  an  extensive  fatigue  test  program  was 
conducted  to  compare  the  fatigue  lives  of  fastener-hole  specimens  having 
0.005-inch  fatigue-induced  initial  cracks  and  0.020- inch  razor  blade-induced 
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CRACK  SIZE  OR  FLAW  SIZE 


TIME 


Figure  C-1.  Equivalence  Between  Manufactured  Imperfections  and 
0.005-inch  Fatigue  Cracks 
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initial  flaws.  The  objective  was  to  verify  the  razor  notch  technique  as  an 
inexpensive  method  to  introduce  "continuing  damage  flaws"  equivalent  to  0.005-inch 
fatigue  precracks. 

The  comparison  of  0.005-inch  fatigue  cracks  and  0.020-inch  razor  notches  was 
made  under  the  five  conditions  shown  in  Figure  C-2 . Three  types  of  specimens 
were  tested t an  open  hole  specimen  (gross  area  stress  concentration  factor  of 
3.1),  a 1-1/2  dogbone  specimen  with  a single  fastener  (medium  load  transfer), 
and  a five-fastener  single  lap  shear  specimen  with  a slot  connecting  two  fasteners 
to  simulate  an  arrested  crack  (high  load  transfer).  These  specimens  are  shown 
in  Figures  31,  33,  and  34c  of  Section  IV.  The  open  hole  specimen  was  tested  under 
three  different  stress  history  conditions:  constant  amplitude,  R = 0.1,  maximum 
stress  S = 22.8  ksi;  constant  amplitude,  R = 0.1,  S = 36.5  ksi;  and  flight 
simulation  loading  with  the  80-flight  periodic  loading  sequence  shown  in  Figure  8 
of  Section  II.  The  1-1/2  dogbone  specimen  was  tested  under  constant  amplitude 
loading,  R = 0.1  and  maximum  stress  “ 22.8  ksi  while  the  high-load  transfer 

specimen  was  tested  under  constant  amplitude  loading,  R = 0.1,  and  maximum  stress 

S =12  ksi.  The  five  conditions  were  selected  to  cover  a diverse  range,  and  at  the 

max 

same  time  relate  to  the  test  conditions  anticipated  in  complex  aircraft  structure. 

The  test  specimens  were  fabricated  from  0 . 187— inch— thick  7075-T6  sheet. 
Fasteners  were  0.375-inch  diameter  protruding-head  steel  Hi-loks.  Consistent 
with  the  requirements  of  Reference  1,  a clearance  fit  was  used  for  all  fasten- 
ers and  only  a nominal  torque  was  used  (finger  tight)  to  avoid  beneficial 
clamping  forces.  Flaws  in  the  fastened  specimens  were  placed  on  the  faying 
surface  in  the  location  of  maximum  stress. 

The  0.005  inch  fatigue  cracks  were  induced  in  the  following  sequence  of 
operations:  (1)  The  piece  was  machined  with  a hole  diameter  0.040  inch  under- 

size. (2)  A 0.014-inch  razor  notch  was  cut  at  one  corner  of  the  hole. 

(3)  Cyclic  bending  was  used  to  initiate  a crack  until  the  total  length  of  the 
razor  notch  and  crack  was  precisely  0.025  inch.  Four -point  bending  was  used 
as  depicted  in  Figure  C-3  (nominal  stress  = about  28  ksi) . Great  care  was 
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Figure  C-2.  Continuing  Damage  Flaw  Tests  Conducted 
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Figure  C-3.  Set-up  for  Inducing  0.005-Inch  Cracks  in  Bending 

needed  here  to  keep  the  rejection  rate  under  25  percent.  (4)  The  hole 
diameter  was  then  enlarged  0.040-inch,  leaving  only  a 0.005-inch  comer  crack  at 
one  edge  of  the  hole. 

The  0.020-inch  razor  notches  were  induced  by  hand  as  follows:  A new 
X-ACTO  blade  No.  11  was  coated  with  abrasive  diamond  paste.  The  blade  was 
then  oriented  at  a 45  degree  angle  to  the  specimen  face  and  carefully  located 
at  the  desired  point.  After  seating  the  blade  with  a light  sawing  action, 
the  pressure  was  increased  to  a constant  maximum  value.  This  pressure  was 
maintained  for  75  sawing  strokes.  (The  actual  notching  of  the  specimen  was 
preceded  by  several  practice  runs  on  a piece  of  scrap  7075-T6  aluminum  to  get 
the  feel  of  the  maximum  pressure  required  to  achieve  a 0.020  notch  in 
75  strokes.)  The  pressure  was  then  diminished  and  25  to  50  strokes  were  made 
at  a significantly  reduced  pressure  to  sharpen  the  flaw  tip.  Using  this  pro- 
cedure no  specimens  were  rejected,  although  one  flaw  was  0.027  inch  instead 
of  0.020  inch. 
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Baseline  fatigue  tests  without  preflaws  were  run  for  the  four  constant 
amplitude  loading  test  conditions.  This  allowed  the  data  to  be  reviewed  in 
terms  of  the  reduction  in  fatigue  life  due  to  the  flaws.  No  baseline  spec- 
trum fatigue  data  were  run  but  tests  run  earlier  on  another  heat  of  3/16  inch 
thick  bare  7075-T6  sheet  showed  an  average  life  of  12,230  flights  for  this 
loading  history  . 

A number  of  replications  of  each  test  condition  were  run  to  obtain  a 
good  estimate  of  the  geometric  mean  life.  The  number  of  replications  varied 
between  two  and  four.  In  general,  the  first  two  tests  were  deemed  adequate 
when  nearly  identical  test  lives  were  obtained. 

C.2  TEST  RESULTS  AND  DISCUSSION 

Tables  C-1  through  C-3  summarize  the  fabrication  and  testing  history  for 
each  specimen  and  identify  by  number  the  laboratory  data  sheets  on  which  the 
raw  data  were  recorded. 

The  test  lives  are  compared  in  Figure  C-A.  For  each  of  the  five  test 
conditions  the  scale  is  normalized  by  the  geometric  mean  fatigue  life  of  the 
unflawed  specimen.  The  individual  data  points  are  shown  to  indicate  scatter. 

For  all  five  test  conditions,  the  geometric  mean  lives  for  razor-flawed 
specimens  and  fatigue-flawed  specimens  were  approximately  equal.  The  ratio 
of  these  mean  lives  (life  of  razor-notched  specimens  divided  by  life  of  pre- 
cracked specimens)  was  bounded  between  0.89  and  1.24. 

The  reduction  in  fatigue  life  due  to  precracking  or  notching  is  indicated 
in  Figure  C-4  by  the  difference  between  the  length  of  the  bar  marked  "no 
predamage"  and  the  corresponding  length  for  the  precracked  or  razor-notched 
condition.  The  magnitude  of  this  reduction  in  life  is  an  indicator  of  the 
severity  of  the  precrack  or  notch.  The  ratio  of  the  mean  reduction  in  life 
due  to  razor  notching  to  that  due  to  precracking  was  bounded  between  0.89  and 
1.14  for  all  five  test  conditions. 

Figure  C-5  shows  the  fracture  surfaces  from  the  spectrum  tests.  The 
fracture  surface  marking  capability  of  the  80-flight  loading  sequence  is 
utilized  to  demonstrate  how  the  flaw  shape  develops.  First  note  the 
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similarity  in  flaw  shape  histories  for  the  0.005-incb  precracked  specimens 
and  the  0.020-inch  razor-flawed  specimens,  both  of  which  grew  as  quarter- 
circular  corner  flaws.  Then  contrast  that  to  the  flaw  shape  for  the  unflawed 
case.  This  flaw  initiated  at  several  points  through  the  thickness  on  both 
sides  of  the  hole  and  grew  as  a double  through-the-thickness  crack. 

On  the  basis  of  these  data,  the  0.005-inch  fatigue  crack  and  the 
0.020-inch  razor  notch  were  concluded  to  be  equivalent  in  7075-T6  Aluminum  sheet. 
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TABLE  C-1.  SUMMARY  OF  DATA  FOR  UNFLAWED  FATIGUE  SPECIMENS 
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(2)  This  specimen  was  precracked,  but  precrack  was  placed  on  outer  surface  when  assembled, 
so  it  did  not  affect  the  life.  See  Table  C-2. 


TABLE  C-2.  SUMMARY  OF  DATA  FOR  SPECIMENS  WITH  0.005  INCH  FATIGUE-INDUCED  INITIAL  CRACKS 
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(1)  Dimensions  in  brackets  are  nominal  sizes  where  no  laboratory  measurements  were  recorded. 

(2)  Double  entries  for  the  dimensions  t,  W and  D denote  different  laboratory  measurements  made  at  different  times. 

(3)  In  precracking  specimen  3B-3  a .021  inch  flaw  was  achieved  at  a load  of  GOO  pounds.  Precracking  was  completed 
at  a reduced  load  of  700  pounds. 


TABLE  C-3.  SUMMARY  OF  DATA  FOR  RAZOR -FLAWED  SPECIMENS 
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♦Electronics  problems  with  the  load  cell  on  these  tests. 
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Figure  C-4.  Summary  of  Test  Results  for  Continuing  Damage  Flaws 
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Figure  C-5.  Fracture  Surfaces  Showing  Equivalent  Flaw  Front  Shapes 
for  0.005-Inch  Cracks  and  0.020-Inch  Notches 


REFERENCES 


1.  "Airplane  Damage  Tolerance  Design  Requirements,"  MIL-A-83444  (USAF) , 
Military  Specification,  United  States  Air  Force,  May  1974. 

2.  Ekvall,  J.  C.,  Brussat,  T,  R. , Liu,  A.  F.  and  Creager,  M.,  "Engineer- 
ing Criteria  and  Analysis  Methodology  for  the  Appraisal  of  Potential 
Fracture  Resistant  Primary  Aircraft  Structure,"  AFFDL-TR-72-80, 
Lockheed-California  Company,  Sept.  1972. 

3.  Rosenkranz,  C.,  et  al.,  "Advanced  Lightweight  Fighter  Structural 
Concept  Study,"  AFFDL-TR-72-98 , Northrop  Corporation,  Aircraft 
Division,  July  1972. 

4.  Pitman,  W.  A.,  et  al.,  "Preliminary  Design  Technical  Summary  - 
Phase  lA,  Wing  Carrythrough  Structure  for  an  Advanced  Metallic  Air 
Vehicle,"  AFFDL-TR-72-65 , Lockheed-Georgia  Company,  July  1972. 

5.  Staff  Report,  "Advanced  Metallic  Air  Vehicle  Structural  Program," 
AFFDL-TR-72-75,  General  Dynamics,  Convair  Aerospace  Division, 

June  1972. 

6.  Staff  Report,  "Preliminary  Concept  Evaluation  for  the  Wing  Carry- 
through  Structure  of  an  Advanced  Metallic  Air  Vehicle  - Summary," 
AFFDL-TR-72-70,  The  Boeing  Company,  June  1972. 

7.  Brussat,  T.  R. , "P-3  Service  Life  Evaluation  — Fatigue  Crack  Growth 
Analysis  for  W.  S.  167,"  LR  26085,  Lockheed-California  Company, 

Nov.  1973. 

8.  Anon.,  "Final  Report,  F/RF-4C/D  Damage  Tolerance  and  Life  Assessment 
Study,"  Report  No.  MDC  A2883,  Vol.  1,  McDonnell  Aircraft  Company, 

June  1974. 

9.  Brussat,  T.  R. , "Fatigue  Crack  Growth,  Arrest,  and  Reinitiation  Along 
a Row  of  Holes,"  LR  26806,  Lockheed-California  Company,  Dec.  1974. 

10.  Hardrath,  H.  F.,  Leybold,  H.  A.,  Landers,  C.  B.,  and  Hauschild,  L.  W., 
"Fatigue  Crack  Propagation  in  Aluminum  Alloy  Box  Beams,"  NACA  TN  3856, 
Aug.  1956. 


288 


11.  Hardrath,  H.  F.  and  Leybold,  H.  A.,  "Further  Investigation  of  Fatigue 
Crack  Propagation  in  Aluminum  Alloy  Box  Beams,"  NACA  TN  4256, 

June  1958. 

12.  Foster,  L.  R.  and  Whaley,  R.  E.,  "Fatigue  Investigation  of  Full-Scale 
Transport-Airplane  Wings:  Tests  with  Constant-Amplitude  and  Variable- 
Amplitude  Loading  Schedules,"  NASA  TN  D-547,  Oct.  1960. 

13.  Van  Beck,  E.  J.,  "Full-Scale  Fatigue  Tests  on  the  Fokker  ’Friendship’," 
in  Full  Scale  Fatigue  Testing  of  Aircraft  Structures,  edited  by 

F.  J.  Plantema  and  J.  Schijve,  Pergamon,  New  York,  1961,  pp  326-344. 

14.  Broek,  D. , "Crack  Propagation  and  Residual  Strength  of  Full-Scale  Wing 
Center  Sections,"  NLR-TM  S-612,  Amsterdam,  Aug.  1964. 

15.  Schijve,  J.  and  Broek,  D.,  "Fatigue  Test  Results  of  Two  Full-Scale 
Wing  Center  Sections  Under  Ground- to-Air  Cycle  Loading,"  NLR-TM  S-635, 
Amsterdam,  Apr.  1965. 

16.  Ketola,  R.  N. , "Fatigue  Test  of  Wing  and  Main  Landing  Gear,"  LR  13645, 
Lockheed-California  Company,  Apr.  1964. 

17.  Berman,  L. , "Fatigue  Test  of  the  Model  TF-9J  Airplane  Wing,"  NAEC-ASL- 
1113,  Aero.  Structures  Laboratory,  Philadelphia,  June  1967. 

18.  Bakow,  L.  "Fatigue  Evaluation  of  L-1011-385- 1-14/15  Airframe  Flight 
Structure"  LR  27219,  Lockheed-California  Company,  July  1975. 

19.  Wood,  H.  A.,  Bader,  R.  M. , Trapp,  W.  J.,  Hoener,  R.  F. , and  Donat, 

R.  C. , ed.  Proceedings  of  the  Air  Force  Conference  on  Fatigue  and 
Fracture  of  Aircraft  Structures  and  Materials,  AFFDL-TR-70-144 , 

Air  Force  Flight  Dynamics  Laboratory,  Sept.  1970. 

(a)  Poe,  C.  C.,  "The  Effect  of  Reveted  and  Uniformly  Spaced 
Stringers  on  the  Intensity  Factor  of  a Cracked  Sheet," 
pp.  207-216. 

(b)  Smith,  S.  H. , Porter,  T.  R. , and  Engstrom,  W.  L. , "Fatigue 
Crack  Propagation  Behavior  and  Residual  Strength  of  Bonded 
Strap  Reinforced,  Lamellated  and  Sandwich  Panels," 

pp.  611-634. 

(c)  Swift,  T.  and  Wang,  D.  Y.,  "Damage  Tolerant  Design  — Analysis 
Methods  and  Test  Verification  of  Fuselage  Structure,  pp.  653-683. 

(d)  Fitch,  G.  E. , Jr.,  Jackman,  R.  E. , and  Horsfall,  W.  P.,  "The 
F-lOO  Aircraft  Structural  Integrity  Program  (ASIP),"  pp.  723-753. 

(e)  Bryan,  D.  F.  , "The  B-52G-H  Wing  Cyclic  Test  Program,"  pp.,  755-778. 


289 


20.  Kepert,  J.  L.  and  Payne,  A.  0.,  "Interim  Report  on  Fatigue 
Characteristics  of  a Typical  Metal  Wing,"  NACA  TM  1397,  Mar.  1956. 

21.  Whaley,  R.  E.,  McGuigan,  M.  J.,  Jr.  and  Brian,  D.  F.,  "Fatigue 
Crack  Propagation  and  Residual  Static  Strength  Results  on  Full-Scale 
Transport-Airplane  Wings,"  NACA  TN  3847,  Dec.  1956. 

22.  Whaley,  R.  E.,  "Fatigue  Investigation  of  Full-Scale  Airplane  Trans- 
port Wings:  Variable— Amplitude  Tests  with  a Gust— Loads  Spectrum," 

NACA  TN  4132,  Nov.  1957. 

23.  Broek,  D.  and  DeRijk,  P.,  "Fatigue  Cracks  in  F-27  Wing  Tension  Skins 
Subjected  to  Random-Load  Fatigue  Tests,"  NLR  Report  M-2105,  Amsterdam, 
Aug.  1962. 

24.  Wang,  D.  Y.,  "An  Investigation  on  Fatigue  Crack  Propagation  and  Fail- 
safe Design  of  Stiffened  Large  Aluminum  Alloy  Panels  with  Various 
Crack  Stoppers,"  Proceedings,  AIAA/ASME  10th  Structures,  Structural 
Dynamics  and  Materials  Conference,  April  14-16,  1969,  pp.  330-343. 

25.  Nelson,  L.  W. , Melcon,  M.  A.,  and  Simons,  H.,  "The  Lockheed  L-1011 
Tristar  Fatigue  and  Fail-Safe  Development  Program"  presented  at  the 
7th  Symposium  of  the  International  Committee  on  Aeronautical  Fatigue, 
London,  July  18,  1973. 

26.  Damage  Tolerance  in  Aircraft  Structures,  ASTM  STP  486,  American 
Society  for  Testing  and  Materials,  1971. 

(a)  Poe,  C.  C.,  Jr.,  "Fatigue  Crack  Propagation  in  Stiffened  Panels," 
pp.  79-97. 

(b)  Liu,  A.  F.,  and  Ekvall,  J.  C.,  "Material  Toughness  and  Residual 
Strength  of  Damage  Tolerant  Aircraft  Structures,"  pp.  98-121. 

27.  Salvetti,  A.,  Frediani,  A.,  and  Grassi,  E.,  "Theoretical  and  Experi- 
mental Research  on  the  Fatigue  Behavior  of  Cracked  Stiffened  Panels," 

AD  769948,  U.  S.  Army  European  Research  Office,  Feb.  1973. 

28.  Mackey,  D.  J.  and  Simons,  H. , "Structural  Development  of  the  L-1011 
Tristar,"  AIAA  Paper  No.  72-776,  Presented  at  the  AIAA  4th  Aircraft 
Design,  Flight  Test,  and  Operations  Meeting,  August  1972. 

29.  Jarfahl,  L.  E.,  "Optimum  Design  of  Joints:  The  Stress  Severity 
Factor  Concept,"  Fifth  ICAF  Symposium,  Melbourne,  Australia,  May  1967. 

30.  Creager,  M.  and  Liu,  A.  F. , "The  Effect  of  Reinforcements  on  the  Slow 
Stable  Tear  and  Catastrophic  Failure  of  Thin  Metal  Sheet,"  ASME  Trans . , 
J.  Engrg.  Mat.  & Tech.,  Jan.  1974,  pp . 49-55. 


290 


31. 


Vlieger,  H.  and  Broek,  D.,  "Residual  Strength  of  Cracked  Stiffened 
Panels,"  NLR-TN-653,  National  Aerospace  Laboratory,  The  Netherlands, 

Dec.  1967. 

32.  Wang,  D.  Y.,  "An  Investigation  of  Fatigue  Crack  Propagation  and  Fail- 
Safe  Design  of  Stiffened  Large  Aluminum  Alloy  Panels  with  Various 
Crack  Stoppers,"  in  Proc.  10th  ASME/AIAA  Structures,  Structural 
Dynamics  and  Materials  Conference,  New  Orleans,  Apr.  14,  1969. 

33.  Grandt,  A.  F. , Jr.,  "Stress  Intensity  Factors  for  Some 
Throughcracked  Fastener  Holes,"  Int.  J.  Fracture,  Vol.  11,  1975, 
pp.  283-294. 

34.  Byskov,  E. , "The  Calculation  of  Stress  Intensity  Factors  Using  the 
Finite  Element  Method  with  Cracked  Elements,"  Int.  J.  Fract.  Mechs., 

Vol.  6,  1970,  pp.  159-167. 

35.  Creager,  M. , "Development  of  a Cracked  Finite  Element,"  LR  23996, 
Lockheed-California  Company,  Dec.  1970. 

36.  Chiu,  S.  T. , "Formulation  of  Cracked  Finite  Elements,"  LR  25939, 
Lockheed-California  Company,  Sept.  1973. 

37.  Chu,  C.  S.,  Anderson,  J.  M. , Batdorf,  W.  J.,  and  Aberson,  J.  A., 

"Finite  Element  Computer  Program  to  Analyze  Cracked  Orthotropic 
Sheets,"  NASA  CR-2698,  July  1976. 

38.  Plan,  T.  H.  H.,  "Crack  Elements,"  Proc.  World  Congress  on  Finite 
Element  Methods  in  Structural  Mechanics,  Vol.  I (edited  by  J.  Robinson), 
Oct.  1975,  pp.  F.1-F.39. 

39.  Liu,  A.  F.,  "Stress  Intensity  Factor  for  a Corner  Flaw,"  Engrg. 

Fracture  Mech. , Vol.  4,  1972,  pp.  175-179. 

40.  Cartwright,  D.  J.  and  Rooke,  D.  P.,  "Approximate  Stress  Intensity 
Factors  Compounded  from  Known  Solutions,"  Engrg.  Fracture  Mech. , 

Vol.  6,  1974,  pp.  563-572. 

41.  Rooke,  D.  P.  and  Cartwright,  D.  J.,  "The  Compounding  Method  Applied 
to  Cracks  in  Stiffened  Sheets,"  Engrg.  Fracture  Mech.,  Vol.  8,  1976, 
pp.  567-573. 

42.  Rooke,  D.  P.  and  Cartwright,  D.  J.,  Compendium  of  Stress  Intensity 
Factors,  Her  Majesty's  Stationery  Office,  London,  1976. 

43.  Tada,  H.,  Paris,  P.,  and  Irwin,  G.,  The  Stress  Analysis  of  Cracks 
Handbook,  Del.  Research  Corp.,  Hellertown,  Pa.,  1973. 


291 


44.  Pinckert,  R.  E. , "Observations  of  Crack  Origins  in  Aircraft  Wing 
Structure,"  presented  at  meeting  of  Subcommittee  6 of  Committee  E-24, 
American  Society  for  Testing  and  Materials,  ASTM  Headquarters,  Phila., 
Pa . , Oct . 9 , 1974 . 

45.  Irwin,  G.  R. , "Analysis  of  Stresses  and  Strains  Near  the  End  of  a 
Crack  Traversing  a Plate,"  ASME  Trans.,  J.  Appl.  Mech. , Vcl.  24, 

1957,  pp.  361-364. 

46.  Rice,  J.R.,  "Plastic  Yielding  at  a Crack  Tip,"  Proc.  Int.  Conf. 
Fracture,  Sendai,  Japan,  1965,  pp.  283-308. 

47.  Tweed,  J.  and  Rooke,  D.  P.,  "The  Distribution  of  Stress  Near  the  Tip 
of  a Radial  Crack  at  the  Edge  of  a Circular  Hole,"  Int.  J.  Engrg. 

Sci. , Vol.  11,  1974,  pp.  1185-1195. 

48.  Cornell,  B.  L.  and  Darby,  L.  G.,  "Correlation  of  Analysis  and  Test 
Data  to  the  Effect  of  Fastener  Load  Transfer  on  Fatigue,"  AIAA  Paper 
No.  74-983,  Aug.  1974. 

49.  Peterson,  R.  E.,  Stress  Concentration  Factors,  Wiley,  1974. 

50.  Isida,  M. , "On  the  Tension  of  a Strip  with  a Central  Elliptic  Hole," 
Trans.  JSME,  Vol.  21,  1955,  pp . 507-518. 

51.  Bowie,  0.  L.,  "Analysis  of  an  Infinite  Plate  Containing  Radial  Cracks 
Originating  at  the  Boundaries  of  an  Internal  Circular  Hole,"  J.  Math. 
and  Phys.,  Vol.  35,  1956,  pp.  60-71. 

52.  Isida,  M. , "Stress  Intensity  Factors  for  the  Tension  of  an  Eccentri- 
cally Cracked  Strip,"  ASME  Trans  , J.  Appl.  Mech.,  Vol.  33,  1966, 
pp.  674-675. 

53.  Fedderson,  C.  E. , in  Plane  Strain  Crack  Toughness  Testing,  ASTM 
STP  410,  1967,  p.  77. 

54.  Isida,  M. , "On  the  Determination  of  Stress  Intensity  Factors  for 
Some  Common  Structural  Problems,"  Engrg.  Fract,  Mech.,  Vol.  2,  1970, 

p . 61 . 

55.  Young,  L.  and  Brussat,  T.  R. , "Summary  of  1975  Independent  Research 
in  Fatigue  and  Fracture  Mechanics  Methods,"  LR  27298,  Lockheed- 
California  Company,  Burbank,  Ca.,  Dec.  1975. 

56.  Hall,  L.  R.,  Shah,  R.  C.,  and  Engstrum,  W.  L.,  "Fracture  and  Fatigue 
Crack  Growth  Behavior  of  Surface  Flaws  and  Flaws  Originating  at 
Fastener  Holes;  Vol.  I - Results  and  Discussion,"  AFFDL-TR-74-47 , 

Vol.  1,  May  1974,  p.  198. 


292 


57.  Harris,  H.  G.,  Ojalvo,  I.  U.,  and  Hoosen,  R.  E.,  "Stress  and  Deflection 
Analysis  of  Mechanically  Fastened  Joints,  AFFDL— TR— 70— A9,  May  1970. 

58.  Neuber,  H.,  "Theory  of  Stress  Concentration  for  Shear-Strained 
Prismatical  Bodies  with  Arbitrary  Nonlinear  Stress-Strain  Law," 

ASME  Trans:  J.  Appl.  Mech. , Vol.  28,  1961,  pp.  544-550. 

59.  Creager,  M. , "The  Elastic  Stress  Field  Near  the  Tip  of  a Blunt  Crack," 
Masters  Thesis,  Lehigh  University,  Bethlehem,  Pa.,  1966. 

60.  Cyclic  Stress-Strain  Behavior  - Analysis,  Experimentation  and  Failure 
Prediction,  ASTM  STP  519,  American  Soc.  for  Testing  and  Materials, 

May  1973. 

61.  Pettit,  D.  E.,  and  Pickel,  F.  M. , "Experimental  Techniques  for 
Fracture  Mechanics:  R-Curve  Test  Procedures  Evaluation,"  LR  27398, 
Lockheed-California  Company,  Nov.  1975. 

62.  Pettit,  D.  E.,  "Buckling  Guide  Considerations  for  CCT  Specimens," 
Presented  at  ASTM  Committee  E24,  Fall  Meeting,  Philadelphia,  Pa., 

Oct.  1975. 

63.  "Proposed  Recommended  Practice  for  R-Curve  Determination,"  1975  ASTM 
Book  of  Standards,  Part  10,  Nov.  1975,  pp.  811-825. 

64.  Irwin,  G.  R. , "Fracture  Testing  of  High  Strength  Sheet  Materials 
Under  Conditions  Appropriate  for  Stress  Analysis,"  NRL  Report  5486, 

U.  S.  Naval  Research  Labs,  July  27,  1960. 

65.  Eftis,  J.  and  Liebowitz,  H.,  "On  the  Modified  Westergaard  Equation 
for  Certain  Plane  Crack  Problems,"  Int.  J.  Fract.  Mech.,  Vol.  8, 

No.  4.,  Dec.  1972,  pp  383-391. 

66.  Newman,  J.  C.,  Jr.,  "Crack-Opening  Displacements  in  Center-Crack, 
Compact,  and  Crack-Line  Wedge-Loaded  Specimens,"  NASA  TN  D 8268, 

July  1976. 

67.  Brussat,  T.R. , "An  Approach  to  Predicting  the  Growth  to  Failure  of 
Fatigue  Cracks  Subjected  to  Arbitrary  Uniaxial  Cyclic  Loading,"  Damage 
Tolerance  in  Aircraft  Structures,  ASTM  STP  486,  1971,  pp.  122-143. 

68.  Walker,  E.  K. , "The  Effect  of  Stress  Ratio  During  Crack  Propagation 
and  Fatigue  for  2024-T3  and  7075-T6  Aluminum,"  Effects  of  Environment 
and  Complex  Load  History  on  Fatigue  Life,  ASTM  STP  462,  Jan.  1970, 
pp.  1-14. 

69.  Lockheed  Aircraft  Company,  Structural  Life  Assurance  Manual,  Section  16 


293 


70. 


Ekvall,  J.  C.,  Young,  L.  , and  Bakow,  L.  , ’’Fatigue  Evaluation  of 
Materials  and  Processes,”  Problems  with  Fatigue  in  Aircraft, 
Proc.  8th  ICAF  Syposium,  Lausanne,  Switzerland,  June  2-5,  1975, 
p.  6.2/59. 


71.  Chiu,  S.  T.  and  Brussat,  T.  R.  ’’Summary  of  1976  Independent  Research 

in  Fracture  Mechanics  Analysis  Methods,”  LR  27703,  Lockheed-Calif ornia 
Company,  Dec.  1976. 


294 


<>U.S. Government  Printing  Office:  1978  — 757-080/648 


